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ABSTRACT
I t  i s  not c le a r  whether f lo o d - to le r a n t  p la n ts  su rv ive  in  w ater­
logged  s o i l s  Because they  m aintain  aero h ic  a c t iv i t y  in  a l l  reg io n s  o f  
the r o o ts ,  or whether B iochem ical ad ap ta tion s to  anoxia are in v o lv ed .
Many p la n ts  have some c a p a c ity  fo r  in te r n a l  v e n t i la t io n ,  and so in  order  
to  exclude oxygen from the r o o t  environment i t  i s  n ecessary  to  su b je c t  
Both the r o o ts  and the sh o o ts  to  an ox ia . Pea and r ic e  se e d lin g s  were 
exposed to  anoxia fo r  1 to  24 h and th e ir  to ler a n c es  and su r v iv a l compared.
With pea and r i c e ,  cv . O eiras, to lera n ce  o f  anoxia  decreased as  
the tem perature in cr ea se d , a lthough  r i c e  was more to le r a n t  than pea a t  
a g iven  tem perature. In c r e a s in g  amounts o f  K were l o s t  from the r o o ts  
o f  whole se e d lin g s  during an oxia , and s e e d lin g  recovery  on retu rn  to  a ir
was a s so c ia te d  w ith  the s e e d lin g s ’ a b i l i t y  to  reabsorb most o f  the leaked
“h  *1“K . A erobic r e s p ir a t io n  in  the r o o t  t ip s  was a s so c ia te d  w ith  both K
uptake by pea s e e d lin g s , and the recovery  and subsequent growth o f  pea 
and th ree v a r ie t ie s  o f  r i c e  a f t e r  an ox ia . A l l  r i c e  v a r ie t ie s  were more 
to le r a n t  o f  anoxia  a t  25°G than was pea a t  20°0, but d iffe r e n c e s  between 
the to lera n ce  l im it s  o f  the r ic e  v a r i e t ie s  were apparent. Although some 
pea and r i c e  se e d lin g s  appeared undamaged a f te r  anoxia , the subsequent 
growth r a te s  o f  pea and r i c e ,  cv , IR8, were s e r io u s ly  im paired.
E thanol accum ulated around th e  r o o ts  o f  a l l  se e d lin g s  during 
an oxia , but th ere was no c o r r e la t io n  between the q u a n tity  o f  ethanol 
produced and the d if f e r e n t  to ler a n c e  l im it s  o f  the s e e d lin g s . Pea seed ­
l in g s  th a t  were prevented  from tr a n sp ir in g  during anoxia were damaged 
e a r l ie r  than c o n tr o ls ,  p o s s ib ly  because o f  an in cr ea se  in  the r a te  o f  
accum ulation o f  a to x ic  product o f  anaerobic metabolism in  th ese  s e e d lin g s .
Two p ercent g lu co se  m erely delayed , and d id  not prevent, the on set o f  
damage in  whole pea se e d lin g s  during an ox ia , nor d id  i t  enhance the
Isubsequent growth o f  the s e e d lin g s . Under th ese  c o n d itio n s , the accum­
u la t io n  o f  endogenous eth an o l to  a to x ic  con cen tration  was considered  to  
have been the more l i k e ly  cause o f  se e d lin g  death.
From the r e s u l t s  p resen ted  in  th is  th e s is  and e lsew h ere , i t  i s  
concluded th a t - the immediate cause o f  se e d lin g  death during anoxia i s  a 
shortage o f  su b stra te  fo r  g ly c o ly s is ,  and th a t the a d d it io n a l e f f e c t  o f  
ethanol accum ulation in  some s p e c ie s  may reduce th e ir  subsequent ra te  
o f  recovery .
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CHAPTER 1 
INIRQDUGTIQN
In  a w ell-d ra in ed  s o i l ,  p la n ts  obtain  much o f the oxygen needed 
fo r  ro o t r e sp ir a t io n  from the s o i l  a ir  spaces which are in terconn ected  
with the atmosphere and so a llow  oxygen to  d iffu se  in to  the s o i l  (Gambrell 
and P a tr ick , 1978) ,  When a s o i l  i s  flood ed , water d isp la ces  a ir  from the 
pore spaces and th is  g r e a t ly  reduces both the oxygen conten t o f  the s o i l  j
and the r a te  o f  oxygen d if fu s io n  in to  the s o i l  from the atmosphere I
because the d if fu s io n  c o e f f ic ie n t  o f  oxygen in  water i s  considerab ly  -j
sm aller than i t  i s  in  a ir  ( s e e  Armstrong, 1978). R esp ira tion  by p lan t  
r o o ts  and microorganisms can render a submerged s o i l  p r a c t ic a lly  devoid  
o f  d isso lv ed  oxygen w ith in  a few hours (Ponnamperuma, 197%) , and in  a j
I
permanently w aterlogged s o i l ,  as a  consequence o f anaerobic b a c te r ia l  
a c t i v i t i e s ,  a reduced s ta t e  develops in  which the accumulation o f  |
p o te n t ia lly  harmful substances may occur (Ponnamperuma,1972). However, 1
Îd esp ite  the seem ingly in h o sp ita b le  nature o f waterlogged s o i l s ,  many 1
ip la n t sp e c ie s  survive and grow under such con d ition s. Most a g r ic u ltu r a l  
crops, w ith the exception  o f  r i c e ,  are grown on land th at i s  not 
permanently w aterlogged because fo r  most o f these sp ec ie s  season a l or !
tra n s ien t flo o d in g  may r e s u l t  in  su b sta n tia l crop damage or t o t a l  lo s s  
(Kramer and Jackson,1954; Bergman,1959)■
W ithin the p la n t r o o t , the a v a i la b i l i t y  o f  oxygen determ ines 
the fa te  o f  the g ly c o ly t ic  end-product, pyruvate, which in  the presence  
o f  oxygen i s  o x id ised  to carbon d ioxide and water v ia  the tr ic a r b o x y lic  
a c id  (TCA) c y c le , and in  the absence o f  oxygen i s  e ith e r  reduced to  
la c ta te  or decarboxylated to  acetaldehyde which in  turn i s  reduced to  
ethanol (B eev ers , I 96I ) . The accum ulation o f la c ta te  or ethanol in  p la n t
2 .
r o o ts  in  an anaerobic environment i s  considered  harmful to the p la n t by 
a number o f workers '(e .g . F u lton  and E rick so n ,1964; Andrews, 1977; Pradet 
and Bomsel,1978; C hirkova,1978) presumably because the su sta ined  
production o f  la c ta te  could  lead  to  a low ering o f the pH o f the cytoplasm  
to a dangerous le v e l  (D avies, Grego and Kenworthy,1974) and the accumu­
la t io n  o f ethanol may lead  to  a d isru p tio n  o f  membrane perm eability  
(K iyosawa,1975)•  In  a d d itio n  to  the p o ss ib le  to x ic  e f f e c t s  o f la c ta te  
or ethanol during the period  o f  anoxia , there i s  a ls o  the p o s s ib i l i t y  
o f  an energy shortage, because o f  the in h ib it io n  o f  o x id a tive  phosphory­
la t io n , and th is  may s e r io u s ly  d isru p t a number o f energy-requiring  
p rocesses in  the c e l l ;  aerob ic r e sp ir a t io n  produces 36 moles o f  adenosine  
triphosphate (ATP) from 1 mole o f g lu co se , whereas in  the absence o f  
oxygen only 2 moles o f  ATP are a v a ila b le  from the breakdown o f 1 mole 
o f g lucose (B eev ers ,1961) .
The main e f f e c t  o f  f lo o d in g  the s o i l  i s  the removal o f  oxygen . 
needed fo r  aerobic r e sp ir a t io n  in  the r o o ts , and th erefore a sudden 
red u ction  in  ro o t aera tio n  could  have a damaging e f f e c t  on the growth 
o f  sp e c ie s  not adapted to  w aterlogged con d ition s (lemon and W iegand,I962) 
For example, peas su ffe r  ex ten s iv e  in ju ry  w ith in  a few days o f the s o i l  
being waterlogged (C annell e t  a l . , 1979» Jackson ,1979) y e t  r ic e  i s  
normally grown in  paddy f i e l d s  where 5“’10 cm o f standing water i s  main­
ta in ed  during the 4 -5  months the crop i s  in  the f i e l d  (Ponnamperuma, 
1972) .  The reasons why some p la n ts  can w ithstand the w aterlogging  
o f  th e ir  ro o ts  whereas others su ffe r  in ju ry  has been the su b jec t o f  
much research  but n ev er th e le ss , i t  i s  s t i l l  not c lea r  whether f lo o d -  
to le r a n t p la n ts  survive because they are ab le to  m aintain aerobic  
a c t iv i t y  in  a l l  reg ion s o f  the r o o ts , or whether biochem ical 
adaptations to  anoxia are in vo lved .
One o f  the fea tu res  o f  many w etland p la n ts , in c lu d in g  r ic e ,  i s
3 .
the p o ssess io n  o f  large in te r c e l lu la r  spaces which form a continuous |
channel fo r  the d if fu s io n  o f  oxygen from the a e r ia l  p arts o f  the p la n t  
to  the r o o ts  (Gonway,I937i Barber, Ebert and Evans, 1962; Soldatenkov and 
G hirkova,l963; Armstrong,196?;1975»^ 978). This in te r n a l v e n t ila t io n  |
provides oxygen- fo r  both the maintenance o f  aerobic me-taboHsm in  the j
ro o ts  and the ox id a tio n  o f  phytotox ins a t  the ro o t surface (Armstrong,
1978) .  However, although in te r n a l v e n t ila t io n  i s  a  property normally 1
i
a s so c ia te d  w ith wetland s p e c ie s ,  there are rep orts th a t some nonwetland, ;
p la n ts  are ab le  to  transport oxygen from the shoots to  the ro o ts  (Evans .
and E bert, i 960 ; Barber e t  a l . ,1962; Heide, B oer-B olt and R a a lte , I 963 ;
Greenwood, 1967a and b; Greenwood and Goodman, 1971; Healy and Armstrong,
1972) .  Greenwood's data ( 1967a) showed th a t the oxygen d iffu s in g  from 
the a e r ia l  p arts  to  the r o o ts  o f  se v e r a l vegetab le sp e c ie s  (s e e d lin g s )  
was s u f f i c ie n t  fo r  ro o t r e sp ir a t io n  and elongation  in  an oxygen-free  
medium, although th is  may not be the case fo r  e s ta b lish ed  p la n ts  o f  the 
same s p e c ie s . However, in  the case o f  the f lo o d -to le r a n t  p lan t ro o t i t  
s t i l l  remains unclear whether or not the supply o f  oxygen from the shoots
i s  s u f f i c ie n t  to m aintain aerob ic r e sp ir a tio n  in  the flooded  r o o ts . Van ;i
R aalte  (1940, c i te d  by Barber e t  a l . , 1962) showed th a t the resp ira to ry  |
requirem ents o f  r ic e  r o o ts  cou ld  be f u l ly  met by the movement o f  oxygen ■;i
down the ro o t but John, lim pi nun tana and Greenway (1974), a lso  working i
Îw ith r ic e ,  found th a t the oxygen movement from the shoots to the ro o ts  '
was " in s u f f ic ie n t  to  su sta in  the f u l l  p o te n t ia l o f  a t  le a s t  some metaboUc {
p rocesses" . Furthermore, Mendelssohn. «i- . . ( I 98I) found th a t ro o t j
oxygen d e f ic ie n c ie s  do occur in  the wetland macrophyte Spartina a l t e r -  |
n i f lo r a , although i t  had p rev io u sly  been shown ( Teal and Kanwisher, I 966) j
th a t in te r n a l v e n t ila t io n  was s u f f i c ie n t  for  aerobic r e sp ir a t io n  in  the |
ro o ts  o f  th is  sp e c ie s . i
i
Me-tabolic d iffe r e n c e s  between the ro o ts  o f f lo o d -to le r a n t  I
J
4 .
and f lo o d - in to le r a n t  p la n ts  have been found when th ese  p lan ts  have been 
grown fo r  one month ^ t h  th e ir  r o o ts  in  flood ed  sand (Crawford, I 966;
1967) ,  an in creased  r a te  o f  g ly c o ly s is  and ethanol production being  
c h a r a c te r is t ic  o f  f lo o d - in to le r a n t  s p e c ie s . These r e s u lt s  le d  to  the 
su ggestion  (Crawford,I967) th a t such f lo o d - in to le r a n t  sp e c ie s  were 
excluded from wet areas because o f  the accumulation o f  to x ic  q u a n tit ie s  
of ethanol in  th e ir  r o o ts . F lo o d -to lera n t sp e c ie s , on the other hand; 
did  not e x h ib it  an a c c e le r a tio n  o f  g ly c o ly s is  and accompanying in creased  
production o f eth an o l, and s in ce  then a number o f f lo o d -to le r a n t  sp e c ie s  
have been shown to accumulate n on -tox ic  end-products o f  g ly c o ly s is ,  such 
as malate  (Crawford and T y le r ,1969; McManmon and Crawford,1971), shikim ate  
(Crawford and T y le r ,I969) or g ly c e r o l (Crawford,1972) in stea d  o f  ethanol. 
However, some f lo o d -to le r a n t  sp e c ie s  produce ethanol as the end-product 
o f g ly c o ly s is  e .g .  r ic e  ( T aylor,1942; P h i l l i p s ,1947; John e t  a l . ,1974) 
and w illow  ( Chirkova^1978) but in  th ese  sp e c ie s  ethanol i s  e f f ic ie n t ly  
removed from the ro o t t is s u e s  during flo o d in g . In  w illow  the ethanol 
th a t i s  formed during r o o t an aero b io sis  i s  lo s t  through the le n t ic e l s  
(Chirkova and Gutman,1972) and B ertan i, Bram billa and Menegus ( I 98O) 
reported  th a t 98^ o f  the eth an o l produced in  r ic e  s e e d l in g  subjected  
to  anoxia was found in  the growth medium. Ethanol removal in  the 
tra n sp ira tio n  stream, as found fo r  sugar b eets  (K en efick ,I962) and 
tomatoes (B olton  and E rick so n ,1 9 7 0 ), may a lso  occur. In  a d d itio n , any 
oxygen transported  from the sh oots to  the ro o ts  would help  m aintain  
low ro o t ethanol le v e ls  by provid ing more s i t e s  fo r  aerob ic rather  
than anaerobic r e sp ir a tio n .
However, the a c tu a l cause o f  damage to  f lo o d - in to le r a n t  p lan ts  
when the ro o ts  are in  flood ed  s o i l  s t i l l  remains u n clear . Jackson (1979) 
found th a t c h lo r o s is  and d e s ic c a tio n  o f  the lea v es  o f  pea p lan ts produced 
by w aterlogging the ro o ts  in  a r ic h ly  organic compost could not be
5 .
produced in  anaerobic so lu t io n  cu ltu re  and u n id e n tif ie d  s o i l  tox in s may 
have been in vo lved , ' Drew and Sisworo (1979) however, reported  th a t ea r ly  
symptoms o f  flo o d in g  damage to  13 day-old  b arley  p la n ts  occurred before  
p o te n t ia l  s o i l  to x in s  had accumulated to  harmful concentrations and 
they concluded th a t damage to  ro o t metabolism may have been caused by 
the low con cen trations o f oxygen in  the s o i l .  A s im ila r  conclusion  
was reached by Trought and Drew (1980a and b) fo r  w aterlogging damage to  
wheat. Although f lo o d -to le r a n t  sp e c ie s  appear to  prevent ethanol accum­
u la t in g  in  th e ir  flood ed  r o o ts  whereas f lo o d - in to le r a n t  sp ec ies  do not, 
eth an o l has not been id e n t i f i e d  a s  the cause o f  in ju ry  to  su sce p tib le  
p la n ts  when th e ir  r o o ts  are flood ed  and furtherm ore, the t o x ic i ty  o f 
ethanol i s  i t s e l f  in  doubt (Jackson, p ers . comm.).
In  both pea and r ic e  seed lin g s  the end-product o f  anaerobic 
metabolism i s  eth an ol (B eev e rs ,I96I) y e t  pea i s  in to le r a n t  o f f lo o d in g  
whereas r ic e  i s  to le r a n t. In  r ice ,o x y g en  transported  from the shoots  
to  the r o o ts  i s  thought to p lay  a major r o le  in  the avoidance o f  anoxia, 
and hence o f  ethanol accum ulation, in  the flooded  r o o ts , although  
removal o f  ethanol by exudation and tra n sp ira tio n  may a lso  occur. How­
ever , i f  the seed lin g s  are exposed to  a com pletely anaerobic environment 
the cap a c ity  fo r  in te r n a l v e n t i la t io n  w i l l  be removed. I f  r ic e  normally 
r e l i e s  h ea v ily  on tlie transport o f  oxygen from the shoots to the ro o ts  
fo r  i t s  su r v iv a l in  flood ed  s o i l s ,  and i f  . ethanol i s  to x ic , then pea and 
r ic e  se e d lin g s  should both be in to le r a n t o f anoxia, u n less  r ic e  p o ssesses  
a b iochem ical adaptation  fo r  the prevention  o f  ethanol accumulation in  
i t s  t i s s u e s .
This th e s is  i s  a record  o f some responses o f pea and r ic e  seed lin g s  
to  con d itio n s o f  t o t a l  anoxia. S eed lin gs were exposed to  the anaerobic 
environment in  deoxygenated so lu tio n s  so th a t the p o ss ib le  e f f e c t s  o f  
s o i l  to x in s were avoided. The to x ic i t y  o f  exogenous ethanol i s  a lso
6 .
examined. In  a d d itio n , a "brief comparison o f the responses to a 
com pletely anaerobic environment o f  two r ic e  v a r ie t ie s ,  known to  have 
d if fe r e n t  to leran ces to  submergence in  the f i e ld ,  i s  a lso  presented .
/
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CHAPTER 2
MA.TERIALS AND METHODS
2 .1  NUTRIENT SOLUTION
A m odified Hoagland's so lu t io n  (E p s te in ,1972) was used through­
out. One f i f t h  stren gth  s o lu t io n s  were used in  work w ith  pea and f u l l  
stren g th  so lu tio n s  in  work w ith  r i c e .
2 .2  PREPARATION OF PLANT MATERIAL
2 . 2 . 1  Pea -  Pisum sativum L. cv . Meteor
Dried seeds were soaked fo r  18 to 20 h in  tap water a t  20°G in  
the dark. The imbibed seeds were r in se d  tw ice w ith tap water and 12 
seeds p laced  to  germinate a t  20°0 in  the dark, in  a P e tr i d ish  on a sh eet  
o f Whatman No. 3 f i l t e r  paper m oistened w ith  d i s t i l l e d  water. The seeds  
were watered as necessary  w ith  d i s t i l l e d  water and any decaying seeds 
were removed. U su a lly  some seed s had begun to germinate the day a f te r  
they were p laced  in  P e tr i d ish es  -  th is  was c a lle d  day 0 . The m ajority  
o f  seeds had germinated by the next day, day 0-1 (fo llo w ed  by days 1-2 ,
2-3  e t c . ) .  When the ro o ts  were 2-3  cm long, and before la t e r a l  ro o ts  had 
begun to  form, the seed lin g s  were p laced  in  sm all p la s-tic  tubes, con tain ing  
5 ml o f  n u tr ien t so lu t io n , by p assin g  the ro o t through a hole in  the 
p la s t ic  cap. This method enabled se e d lin g s  to  be tran sferred  in  the caps 
to  d if fe r e n t  tubes w ithout damaging the developing ro o t system s. Once in  
the tubes the se e d lin g s  were l e f t  in  the dark a t  20°0 fo r  Zk h before  
tran sferen ce to  a growth ca b in et a t  20°G w ith continuous illu m in a tio n  a t  
a photon f lu x  area d en sity  (PFAD) o f 125 pmol m ^ s  ^ ( a l l  PFAD measure­
ments r e fe r  to  the sp e c tr a l reg io n  400 to 700 nm) . In  a l l  experim ents, 
u n less  otherw ise s ta te d , pea seed lin g s  were used when 7-8 days o ld .
2 . 2 . 2  R ice -  Oryza sa t iv a  L, cv s , O eiras, FR13A. and IR8
O eiras seeds were p lan ted  in  seed  trays con ta in in g  m oist sand,
and allow ed to  germinate in  an incubator a t  25°0 in  the dark. The trays
were watered d a ily  w ith  tap water and covered w ith a polythene sh eet
to reduce evaporation . When the c o le o p t i le s  were 2-3  cm long the trays
were tra n sferred  to  a growth cab in et a t  20°G, with continuous illu m in a tio n
-2  - ia t  a PFAD o f 125 [xmol m s . The seed lin g s  were watered d a ily , u su a lly  
w ith tap water but rec e iv ed  a t  l e a s t  two w aterings w ith  n u tr ien t  
so lu tio n  before they were used in  experim ents. In  the i n i t i a l  exp eri­
ments the se e d lin g s  were used when 14 days o ld , day 0 being the day o f  
p lan tin g  in  sand. L ater t h i s  method was m odified because o f  poor growth
a t  20^G and se e d lin g s  were p laced  in  a growth cab in et a t  25°G. In  th is
-2  -1growth cab in et the PFAD was 220 [imol m s . In  th ese  la te r  exp eri­
ments, u n less  otherw ise s ta te d , seed lin g s  were used when 10 days o ld .
Seeds o f  ric,e cv s . FR13A and IR8 were obtained from the In te r ­
n a tio n a l R ice Research I n s t i t u t e ,  Manila, P h ilip p in es  in  December 1980. 
B efore an experiment they were washed thoroughly in  tap water to remove 
the seed  d ressin g . Seeds were germinated and grown a t  25°G, a s  described  
above fo r  O eiras, but FR13A and IR8 seed lin g s were used when 14 days old , 
day 0 being the day o f  p la n tin g  in  sand.
2 . 2 . 3  E ffe c t  o f  anoxia on seed lin g  growth
In  these experim ents, 10 day o ld  O eiras s e e d lin g s , 14 day o ld  
FR13A and IR8 se e d lin g s  and 7-8  day o ld  pea seed lin g s  were used. Pea 
se ed lin g s  were removed from the n u tr ien t so lu tio n  and weighed before  
the ro o ts  were p laced  in  new tubes contain ing 5 ml o f  an appropriate  
(boxygenated so lu t io n  ready fo r  anaerobic exposures ranging from 0 to  
24 h. R ice se e d lin g s  were dug up and th e ir  roots  washed fr e e  o f sand 
in  tap water before the se e d lin g s  were weighed and trea ted  as described  
fo r  pea. A fter  the : anaerobic exposures, seed lin g s were removed from the
■ ■ ' 9 ' I
» tubes and p lan ted  out in  m oist sand in  seed  tra y s. The trays were i
. ■ Ip laced  in  a growth cab in et (20°G fo r  pea and 25 G fo r  r ic e )  w ith conbin- !
-2  -1  ^uous illu m in a tio n  a t  PFADs o f  125 and 220 |imol m s  fo r  pea and r ic e
r e s p e c t iv e ly . The se e d lin g s  were watered d a ily , the i n i t i a l  w atering
w ith n u tr ien t so lu t io n  fo llow ed  by tap water on subsequent days (when '
• seed lin g s  were su b jected  to  anoxia in  2^ g lucose s o lu t io n s , the sub- •
 ^ ' sequent d a ily  w aterings were w ith  tap water con ta in in g  2^ o g lu co se ).
 ^ A fter  one week in  sand the seed lin g s  were dug up and th e ir  ro o ts  i
washed fr e e  o f  sand w ith tap w ater. S eed lings were weighed in ta c t  and :
then the ro o ts  were ex c ise d  and weighed sep arately . The changes in
fresh  w eight were determined and in  some cases the mean r e la t iv e  growth >
r a te , R, was c a lc u la te d  u sin g  the fo llo w in g  formulas
 ^ 2 R =  loSg \  -  logs Wj 
. •  . '  % -
Where3 -  i n i t i a l  w eight (g)
-  f in a l  w eight (g)
T  ^ -  -  one week
2 .3  anaerobig GONDITEONS ;
P lan ts were su b jected  to an anaerobic environment in  an anaerobic '
incubator (model 1024 /1 0 2 8  -  Forma S c ie n t i f ic  Systems, Ohio, U.S.A. -  
see  P la te  2 .1 )  w ith  a ^ s e o u s  atmosphere comprising 85^ n itrogen , 3-4i 
carbon d ioxide and 10%hydrogen. Any traces o f  oxygen were removed from 
the system by r e a c tin g  w ith  the hydrogen on the surface o f  a. palladium  
. -  c a ta ly s t ,  forming water which was then absorbed by a d esicca n t. The
p la n ts  were kept in  the dark during the anaerobic treatm ents to prevent 
them from p h otosyn th esisin g  and producing oxygen. Anaerobic con d ition s
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were checked u sing  d isp osab le  methylene blue in d ic a to r s , which remained 
w hite in  the absence' o f  oxygen and turned blue in  i t s  presence.
Deoxygenated d i s t i l l e d  water was used in  the tubes fo r  a l l  the 
in v e s t ig a t io n s , in c lu d in g  the aerob ic c o n tr o ls , and any other t e s t  
so lu tio n s  and th e ir  aero'hic c o n tro ls  were prepared w ith the deoxygenated  
d i s t i l l e d  water. I n i t i a l l y  d i s t i l l e d  water was deoxygenated by bubbling  
w ith oxygen-free n itrogen , but in  la te r  experiments the preparation  was 
carr ied  out in  the anaerobic incu'bator u sing  an aquarium pump to bubble 
the d i s t i l l e d  water w ith the oxygen-free atmosphere. The deoxygenated  
d i s t i l l e d  water was always fr e s h ly  prepared by bubbling for  1 or 2 h 
(depending on the volume) before an experiment.
Most experim ents were ca rr ied  out in  the anaerobic incubator a t  
room temperature, which varied  from 20 to 24°C. However, in  hot weather 
temperatures as high a s  28^0 were reached. For p rec ise  constant temp­
erature w ork,plants were kept in  anaerobe jars (GasPak Anaerobic Systems, 
Becton-D ickinson and Go., C o ck ey sv ille , U.S.A.) i n  the dark, in  incu b ators  
a t  the d esired  tem perature. These ja rs  were always f i l l e d  in  the 
anaerobic incubator so th a t the com position o f the anaerobic atmosphere 
in  each experiment was the same. A th in  layer o f  v a se lin e  smeared 
round the l i d  o f  each jar ensured an a ir - t ig h t  s e a l ,  and anaerobic 
con d ition s were checked using d isposab le methylene blue in d ic a to r s .
2 .4  MEASUREMENT OF POTASSIUM (K***)
Immediately before an experiment the ro o ts  o f  7-8 day o ld  pea 
seed lin g s  were r in se d  thoroughly in  two separate washings o f d i s t i l l e d  
water. Fourteen day o ld  r ic e  seed lin g s  (cv .  O eiras) were dug up and 
th e ir  ro o ts  washed fr e e  o f  sand in  tap water before they were r in sed  
thoroughly in  two separate washings o f  d i s t i l l e d  water. S eed lin gs o f  
both sp e c ie s  were then p laced  in  new tubes contain ing 5 nil o f an
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appropriate deoxygenated s o lu t io n , depending on the experiment, and 
exposed to  aerob ic or anaerobic con d itio n s for  1 to 24 h. A fter  th ese  
exposures se e d lin g s  were e ith er s
( i )  removed from the s o lu t io n  im m ediately, or 
( i i )  tran sferred  to a growth cab in et a t  20°0 w ith continuous 
i l lu m in a tio n  a t  a PFAD o f 125 ^mol m s fo r  24 h (recovery period) 
before being removed from the so lu t io n s .
In  both cases the r o o ts  were e x c ise d , dried  a t  100°G fo r  24 h and
o ^weighed. The so lu t io n s  were sto red  a t  4 G in  the dark, fo r  K d eter­
m inations using an atomic absorption  spectrophotom eter (model A3400,
Shandon Southern Instrum ents L td . ,  Gamberley, S u rrey .)., A standard  
tcurve fo r  K was prepared fo r  each a n a ly s is , and s in ce  most atomic 
absorption  c a lib r a t io n  curves become in cr ea s in g ly  non -lin ear a t  high  
absorbance va lu es ( 0 .5  to 1 .0 ,  A3400 O perator's Handbook), sample 
so lu tio n s  were d ilu te d  so th a t th e ir  absorbancies f e l l  w ith in  the lin e a r  
p ortion  o f the curve.
2 .5  MEASUREMENT OF OXYGEN UPTAKE 
2 .5 -1  With the in v er te d  oxygen e lec tro d e
The in v er te d  oxygen e lec tro d e  (Rank B rothers, Bottisham, Gambridge.) 
i s  a m od ifica tion  o f the C lark-type e lec tro d e  and was used in  conjunction  
w ith a S pectro-P lus (M.S.E, S c ie n t i f ic  Instrum ents, Crawley, S u ssex .)  
for  measurement o f  d isso lv ed  oxygen. The sample chamber had a b u i l t - in  
water jack et connected to  an ex ter n a l constant temperature water bath 
and was mounted on a base con ta in in g  the e lectrod e  and a magnetic s t ir r e r .
A te f lo n  membrane separated  the sample chamber and the e lec tro d e .
Three ml o f  0 .1  mol 1  ^ potassium  phosphate b u ffer , pH 6 .0  and 
conta in ing  Z% su crose , was p ip e tte d  in to  the sample chamber and a ir -  
saturated  a t  the d esired  temperature by a c t iv a tin g  the s t ir r e r  (approx-
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im ately  500 rpm) w hile the l i d  was o f f .  When a steady trace was obtained  
on the chart recorder, the meter was s e t  to read 100^ sa tu ra tio n . The 
stopper was in se r te d  and a l l  the a ir  bubbles excluded from the system  
through the 1 mm c a p il la r y  tube d r i l le d  up the cen tre o f  the stopper.
The e lec tro d e  was then checked fo r  d r i f t  by leav in g  i t  to run fo r  20 min 
in  th is  c lo sed  s ta t e .  I f  the trace d ev iated  markedly from the s tr a ig h t  
l in e  a new membrane was prepared and the above procedure repeated  u n t i l  
a d r if t - f r e e  trace was obtained . Each new membrane was a lso  te s te d  
reg u la r ly  to  check the e lec tro d e  ’’leakage" by s e t t in g  up the meter to  
read 100% w ith a ir -sa tu r a te d  water and then adding a few c r y s ta ls  o f  
sodium d ith io n ite  to  ch em ica lly  remove a l l  the oxygen in  the so lu tio n .
The "zero" reading obtained was used to  correct the chart s c a le ,  
although in  the m ajority o f  experim ents e lec tro d e  leakages were n e g lig ib le .
The a p ic a l 1 cm from three or four ro o t t ip s ,  in c lu d in g  sem inal 
ro o ts  ( r i c e ) ,  was ex c ised  w ith a razor blade and p laced  in  the sample 
chamber on top o f a sm all p iec e  o f  p la s t ic  n e ttin g  which prevented the  
r o o ts  from fo u lin g  the s t ir r e r .  The stopper was in se r te d  and a l l  a ir  
bubbles excluded. Oxygen uptake by the re sp ir in g  ro o t t ip s  was fo llow ed  
fo r  2 h in  the dark. The r o o t  t ip s  were dried  a t  100°0 fo r  24 h and 
weighed, and the ra te  o f oxygen uptake a f te r  1 h was ca lcu la ted . In  
la te r  experim ents the ex c ise d  ro o t t ip s  were surface s t e r i l i s e d  fo r  
5 min in  0.02% mercuric ch lo r id e  and then washed tw ice before being  
placed  in  the sample chamber.
2 .5*2 With the portab le d ig i t a l  oxygen meter
The portab le d ig i t a l  oxygen meter and sensor (models 7I30 
and 7131 r e s p e c t iv e ly , E .I .L .  A n a ly tic a l Instrum ents, Ohertsey, Surrey .)  
were used to  measure d isso lv e d  oxygen. The sample chamber was a 5OO ml 
g la s s  reagent b o t t le  immersed in  a con stan t temperature water bath, 
placed  on top o f  a magnetic s t ir r e r ,  A. s t ir r e r  attachment on the end o f
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the oxygen sensor ensured a con stan t flow  o f s o lu tio n  over the membrane, 
and two b u i l t - in  th erm istors and a platinum -100 temperature probe 
provided autom atic temperature compensation and measurement o f  the  
so lu tio n .
The sample chamber was f i l l e d  w ith 0 ,1  mol 1  ^ potassium phosphate 
b u ffe r , pH 6 .0  and con ta in in g  .2% su crose , which was a ir -sa tu r a te d  a t  the 
d esired  temperature by a era tin g  fo r  5 inin w ith an aquarium pump. Whole 
ro o t systems were a ttach ed  to  sm all p la s t ic  caps contain ing  p la s t ic in e ,  
dropped in to  the b o t t le  and p o s it io n e d  away from the sensor. The caps 
a cted  as w eights and prevented the r o o ts  from fo u lin g  the s t ir r e r .  A 
displacem ent funnel was in s e r te d  in  the neck o f  the b o tt le  and the  
sensor was passed through th is  and p laced  in  p o s it io n , d isp la c in g  excess  
f lu id .  Oxygen uptake by the r e sp ir in g  r o o t systems was fo llow ed  fo r  2 h 
in  the dark. At the end o f  the experim ent, the excess water in  the  
displacem ent funnel vas c a r e fu lly  p ip e tte d  out before the sensor and 
funnel were removed. The volume o f  so lu tio n  in  the b o tt le  was measured 
and the ro o ts  were d ried  a t  100°0 fo r  24 h. The r a te  o f  oxygen uptake 
a f te r  1 h was ca lc u la te d  and expressed  on a dry w eight I a s i  s .  In  la t e r  
experim ents the e x c ise d  r o o t  system s were surface s t e r i l i s e d  in  0.02% 
mercuric ch lor id e  and washed tw ice w ith  d i s t i l l e d  water before being  
placed  in  the b o t t le .
2 .6  ETHANOL
2 . 6 . 1  Enzymatic determ ination o f  ethanol
A fter  aerob ic or anaerobic treatm ents, ro o t ethanol con ten t and /  
or the ethanol con ten t o f  the s o lu t io n  around the ro o ts  were determined  
enzym atically  u sing  a food  test-com b in ation  k i t  (Gat. No. I 7629O, The 
B.oehringer Gorporation L td . ,  London.) according to the maker's in s tr u c tio n s ,  
This determ ination was based on the ox id ation  o f  ethanol in  the presence
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o f a lc o h o l dehydrogenase (ADH) by n icotinam ide adenine d in u cleo tid e  
(had) , to  acetaldehyde w ith  the form ation o f reduced nicotinam ide 
adenine d in u cleo tid e  (NADH) , and then the ox id ation  o f  the acetaldehyde  
to  a c e t ic  a c id  w ith the form ation o f more NADH. The amount o f  NADH 
formed in  both th ese  rea c tio n s  was sto ich io m etr ic  w ith h a lf  the amount 
of ethanol formed. The q u an tity  o f  NADH produced was determined by means 
o f i t s  absorption a t  3^5 nm using a spectrum -line photometer equipped 
w ith a mercury vapour lamp (Eppendorf-Geratebau, Hamburg, Germany. ) ,  and 
so the amount o f ethanol p resen t in  the ex tra c t could be ca lcu la ted .
2 . 6 . 2  Preparation o f ex tra c ts
Seed lings were prepared and su bjected  to  aerobfc or anaerobic 
co n d ition s as described  in  S ec tio n s  2 .2  and 2.3» Root ethanol con ten t  
and / or the ethanol content o f  the so lu t io n  around the ro o ts  were 
determined as fo llo w s;
Root ethanol c o n te n t ,-  im m ediately a f t e r  removal from the aerobic or 
anaerobic environment the seed lin g  was removed from the tube and the 
ro o t ex c ised  and weighed as q u ick ly  as p o ss ib le  before being held  in  
liq u id  n itrogen  fo r  20 sec .  The frozen  ro o t was then placed in  4 ml o f  
ic e - c o ld  6% p erch lo r ic  a c id  and sto red  in  a deep free ze  a t  -20°G u n t i l  
requ ired . On removal from the deep free ze  the samples were p a r t ia l ly  
thawed before being ground up in  4 ml o f  ic e -c o ld  6% perch loric  a c id  
in  a c h i l le d  p e s t le  and mortar. The r e s u lt in g  suspension, the t o t a l  
volume o f which did not exceed 25 ml in c lu d in g  r in s in g s , was cen tr ifu ged  
for  30 min a t  4°G a t  1200 rpm (1800 g) . The supernatant was poured in to  
a 50 ml beaker, surrounded w ith  i c e ,  and n eu tra lise d  with 5*0 mol l"^ 
potassium  carbonate so lu tio n  added drop-w ise. One drop o f  methyl orange 
so lu tio n  was added as in d ica to r  and a t  the colour change from pink to  
yellow , the t o t a l  volume o f  the r e s u lt in g  suspension was measured, This 
suspension was l e f t  in  a r e fr ig e r a to r  a t  4°G fo r  1 h, a f te r  which time
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the supernatant was decanted and assayed  fo r  ethanol.
Ethanol con ten t o f  the so lu t io n  -  a f te r  removal from the aerohic or 
anaerobic environment the se e d lin g  was removed from the tube and the  
undilu ted  so lu t io n  assayed  fo r  ethanol im m ediately. The ro o t was e x c ise d , 
dried  a t  100°G fo r  24 h and weighed. However, i f  the ro o t ethanol 
conten t was to  be determined as w e ll , then the tube o f so lu tio n  was 
stoppered and l e f t  in  ic e  fo r  not more than 5 min before i t  was assayed  
w hile the ro o t was prepared fo r  storage as described  above.
2 . 6 . 3  In h ib it io n  o f  eth an ol production
In  higher p la n ts  under anaerobic co n d itio n s, pyruvate i s  decar­
boxylated  to  acetaldehyde ( l )  which i s  then reduced to  .ethanol ( l l ) .  
However, in  the presence o f  sodium b isu lp h ite  (NaHSO^), the b isu lp h ite  
m oiety re a c ts  w ith  acetaldehyde to  form a b isu lp h ite  a d d ition  product 
( I I I ,  Metz ler,1977).
GH^GOGOOH
pyruvate
-►GH^GHO +  G O g  
acetaldehyde
GHoGHO t  NADH + H p GH^ GH^ OH -h NAD
ethanol
HSO
b isu lp h ite  a d d itio n  product
I I
The removal o f  acetaldehyde hot only in h ib it s  ethanol production by 
removing the su b stra te  fo r  r ea c tio n  I I  , but a lso  in h ib it s  the regen- 
era tio n  o f NAD , a compound e s s e n t ia l  in  the e a r l ie r  s ta g es  o f g ly c o ly s is ,  
con trib u tin g  fu rth er  to  the in h ib it io n  o f  ethanol production.
Pea seed lin g s  were su bjected  to  aerob ic and anaerobic con d ition s  
in  so lu tio n s  o f  NaHSO^  ranging from lO”  ^ to  mol l"^. A fter  th ese
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'jrtreatm ents the so lu tio n s  were assayed fo r  K and ethanol as descrihed  
in  S ection s 2 .^  and 2 .6  r e s p e c t iv e ly . In  some cases ro o t ethanol 
conten t was a ls o  determined (S ec tio n  2 .6 ,2 ) .
2 . 6 . 4  Preparation o f ethanol so lu tio n s
A 1 .0  mol 1 ^ ethanol so lu tio n  was prepared from a stock  so lu t io n  
contain ing  from 0.7904 to  0.7935 S ethanol per ml a t  20°G, and a l l  sub­
sequent d ilu t io n s  were made from th is  molar so lu tio n . A l l  d ilu tio n s  
were made w ith d i s t i l l e d  w ater. The stock  so lu tio n  was replaced  reg u la r ly  
in  75 nil q u a n tit ie s  and kept in  a sm all stoppered c o n ic a l f la sk  in  a 
d esicca to r  to  minimise d e ter io ra tio n  o f the so lu tio n , caused mainly by 
water absorption . For anaerobic in v e s t ig a t io n s  so lu tio n s  were prepared  
w ith deoxygenated d i s t i l l e d  water, but fo r  growth experiments ordinary  
d i s t i l l e d  water was used.
2 . 6 .5  E ffe c t  o f ethanol on seed lin g  growth
In  these experiments pea seed lin g s  were used when 3 -4  or 4 -5  
days o ld , before la t e r a l  ro o ts  had begun to  form. These seed lin gs  
and 10 day old  r ic e  seed lin g s  (cv .  O e ira s), a l l  o f which had had th e ir  
ro o ts  washed fr e e  o f  sand w ith tap water, were weighed and then placed  
in  p la s t ic  tubes contain ing 5 iRl o f  an ethanol so lu tio n  -  d i s t i l l e d  
water served as the co n tro l. Ethanol treatm ents were for  1, 3 or 5 days 
in  a growth cab in et w ith continuous illu m in a tio n  a t  PFADs o f 125 ^mol m  ^
8  ^ for  pea a t  20°G, and 220 pmol m ^ s  ^ for  r ic e  a t  25°0. A ll  the 
so lu tio n s  were changed every 12 h and the ethanol so lu tio n s  were fr e sh ly  
prepared from the stock  s o lu tio n  on each occasion . A fter  the ethanol 
treatm ents the seed lin g s  were removed from the tubes and weighed again . . 
The seed lin g s were then p lanted  out in  m oist sand in  seed  trays and 
rep laced  in  the appropriate growth ca b in et. The seed lin g s  were watered 
d a ily , the i n i t i a l  w atering i-rith n u tr ien t so lu tio n  fo llow ed  by tap water 
on subsequent days, A fter one week in  sand the seed lin g s  were dug up
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and th e ir  ro o ts  washed fr e e  o f sand w ith  tap water before the seed lin g s  
were weighed. The changes in  fresh  w eight were determined and the mean 
r e la t iv e  growth r a te ,  R, was ca lcu la ted  using the formula given in  
S ection  2 , 2 , 3 •
2 .7  m:SGELLA.NEOUS (PEA)
2 . 7 .1  Prevention o f  tra n sp ira tio n
In  th ese  experim ents pea seed lin g s  were germinated and grown as  
described  in  S ec tio n  2 . 2 . 1 .  Immediately before the seed lin g s  were 
exposed to  the aerob ic or anaerobic environment (se e  S ection  2 . 3 ) , . e i th er  
the upper and lower su rfa ces  o f  the lea v es  were sprayed w ith an a n t i-  
tran sp iran t (S600 -  "The Ghristmas Tree Spray", Synchemicals Ltd . ,
London), or the shoot system was ex c ised  with a razor blade immediately 
below the low est le a f .  A fter  the aerobic or anaerobic exposures, the 
content o f  the so lu t io n s  were measured as described  in  S ection  2 .4 .
I n  the case o f  in t a c t  se ed lin g s  sprayed w ith S600, the appearance of. 
the leaves was noted but fo r  seed lin g s  w ithout shoot systems (detopped  
seed lin g s) th is  was im p ossib le .
2 . 7 .1  Dark-grown se e d lin g s  and /o r  cotyledon removal
S eed lin gs were germinated and grown as described  in  S ection  2 . 2 . 1 .  
However, the dark-grown seed lin g s  rem ained,in the dark a t  20°G u n t i l  
they were 7 - 8  days o ld , and a f te r  th e ir  anaerobic treatm ents these  
seed lin g s  were p laced  in  the dark for  th e ir  24 h recovery period.
With both dark-grown and light-grow n seed lin g s  the cotyledons  
were ex c ised  w ith a razor blade immediately before the aerobic or 
anaerobic exposures.
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P la te  2 .1  Anaerobic Incubator
(Forma S c ie n t i f ic  Systems, Ohio, U .S.A .)
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GHAPTËR 3 
TOLERANCE OF ANOXIA
3 .1  INTRODUCTION
In  the f i e ld j r ic e  p la n ts  are normally grown under flooded  
con d ition s w ith the ro o ts  su b jected  to an anaerobic environment and the  
shoots in  a ir  (Ponnamperuma,1972), w hile peas su ffe r  ex ten sive  in ju ry  
w ith in  a few days o f the s o i l  being waterlogged (C annell e t  a l . ,1979; 
Jackson,1979) .  Experiments to  in v e s t ig a te  the early  symptoms o f  flood in g  
in ju ry  to  su sce p tib le  p la n ts , by p la c in g  the ro o t systems o f whole 
plan ts in  pots o f  flood ed  s o i l  or in  anaerobic so lu tio n s , have shown 
th at in  some f lo o d - in to le r a n t  sp e c ie s  the exclu sion  o f oxygen from the 
ro o t environment i s  s u f f ic ie n t  to  induce symptoms o f  flood in g  in ju ry  
(L etey , S to lzy  and Blank, 1962; W illey , 1970; Drew and Sisworo, 1979;
Trought and Drew,1980 a and b ) .
The a b i l i t y  o f many f lo o d -to le r a n t  sp ec ies  to  survive in  water­
logged s o i l s  has been a ttr ib u te d  to  th e ir  e f f ic ie n t  in te r n a l v e n t ila t in g  
systems which a llow  aerob ic con d ition s in  the roo ts  o f  these p la n ts  to  
be maintained (Armstrong,1964;1978)• Taylor (1942) concluded th a t in  
the complete absence o f  oxygen " rice  seed lin g s were ab le  to make more 
nearly normal amounts o f  growth than wheat seed lings"  probably as a 
r e s u lt  o f  " d ifferen ces in  the anaerobic a c t iv i t i e s  o f the two types o f  
seed lin gs" . S im ila r ly , V artapetian , Andreeva and Nuritdinov (1978) 
a ttr ib u ted  the a b i l i t y  o f  s ix  day o ld  r ic e  c o le o p t i le s  to  grow in  an 
anaerobic environment to  an a c t iv e  m etabolic adaptation , although they  
a ttr ib u ted  the su rv iv a l o f  r ic e  p la n ts  in  flooded  s o i l s  to the a b i l i t y  
o f the p lan ts  to  a era te  th e ir  ro o ts  rather than to m etabolic adaptations  
to anoxia in  the ro o t c e l l s .  Young pea and r ic e  seed lin g s were therefore
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subjected  to  anoxia and th e ir  responses compared.
I t  i s  known th a t  a lo s s  o f  substances from ro o t c e l l s  i s  enhanced 
when the ro o ts  are subjected  to  c e r ta in  adverse con d ition s, such as  
c h i l l in g  temperatures (C h ristian sen , Garns and S ly ter ,19?0) or an anaerobic  
environment (Vlamis and D a v is ,1944; G rineva,1962; Marschner, Handley and 
O v e rstr ee t ,1966; H ia tt and Lowe,196?; C hristiansen  e t  a l . ,1 9 ? 0 ) .  C h ill­
in g  in ju ry  can be measured by the amount o f  io n  e f f lu x  from thawed 
t is s u e s ,  in ju ry  being proportional to  the con d u ctiv ity  o f the water 
( L e v i t t ,1972; P atterson , Murata and Graham,I976) and the ex ten t o f  
e le c tr o ly te  leakage from some im bibing leguminous seeds i s  correla ted  
w ith  subsequent seed  death in  the f i e l d  (Matthews and Bfadnock, I968) .
Potassium i s  the major ca tio n  in  p lan t c e i l  f lu id  and s in ce  i t  
was the p r in c ip le  ca tio n  lo s t  from c h i l le d  t is s u e s  (P atterson  e t  a l . , 1976) 
i t  was assumed th a t i t  would probably a ls o  account fo r  a large proportion  
o f any e le c tr o ly te  leakage occurring from ro o ts  under anaerobic con d itio n s. 
Measurement o f  K has a lso  been used to a s se ss  the e f f e c t  o f organic 
a c id s  on the ex ten t o f  io n  leakage from roo ts  (L ee ,1977)*
Pea and r ic e  seed lin g s  were subjected  to  cond itions o f t o t a l  
anoxia in  deoxygenated s o lu t io n s , and the content o f the so lu tio n  
was measured e ith e r  im m ediately a f t e r  the anaerobic exposure, or a f te r  
a 24 h recovery period  in  a ir .  Growth experiments were carried  out to  
d iscover whether or not the K r e s u lt s  were corre la ted  with the a b i l i t y  
o f the seed lin g s  to  recover.
3 .2  RESULTS
3 .2 .1  Tolerance l im it s  under anoxia a t  20°G
Seven to e ig h t day o ld  pea seed lin g s  and 14 day o ld  r ic e  seed lin g s  
cv, Oeiras were su bjected  to  anoxia fo r  1 to 24 h in c lu s iv e  (S ection  2 .3 )  
and a f te r  a 24 h recovery period  in  a ir  the seed lin g s were photographed.
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P la te  3 .1  shows th a t a f te r  anaerobic exposures o f  up to  and in clu d in g  
10 h, pea seed lin g s  appeared to  have been unaffected  by the absence o f  
oxygen but a f te r  11 h anoxia some d isru p tion  o f  normal c e l l  fun ction in g  
had taken p la ce . Anaerobic exposures o f 10 h or le s s  re su lte d  in  pea 
seed lin g s  w ith green, tu rg id  le a v e s , and the so lu tio n s  around the ro o ts  
o f th ese  p la n ts  remained c le a r . However, anaerobic exposures o f  11 h 
or more r e su lte d  in  seed lin g s  w ith  dark green, f la c c id  lea v es, and the 
so lu tio n s  around the ro o ts  o f  th ese  p lan ts  were cloudy. The time where 
the sudden change in  seed lin g  appearance occurred i s  re ferred  to as the 
c u t -o f f .  In  con tra st to  pea se e d lin g s , r ic e  seed lin g s  appeared to have 
been u n affected  by s im ila r  anaerobic treatm ents (s e e  P la te  3*2).  Here 
the shoots remained green and tu rg id  and the so lu tio n s  around the ro o ts  
were c le a r  a f te r  a l l  the anaerobic exposures, presumably because r ic e  
i s  b e tte r  adapted to survive under con d ition s o f  low or zero oxygen.
3 . 2 .2  D iagnosis o f  in ju ry
The K content o f  the so lu t io n  around the ro o ts  was measured 
e ith e r  im m ediately a f te r  the anaerobic treatm ent or a f te r  a 24 h recovery  
period  in  a ir  (S ec tio n  2 . 4 ) .  Figure 3*1 shows th a t in creasin g  amounts 
o f K were lo s t  from the ro o ts  when whole pea and r ic e  seed lin gs were 
su bjected  to in crea sin g  length s o f  time under anoxia. Potassium leakage 
from pea ro o ts  was p o s it iv e ly  corre la ted  w ith the length  o f the anaerobic 
exposure betw een4 and 18 h anoxia , but a f te r  18 h anoxia the leakage 
va lu es remained steady. Potassium leakage from r ic e  roo ts  was a lso  
corre la ted  with the length  o f time under anoxia, but only between 0 and 
17 h and a f te r  th is  time the leakage va lu es remained steady. I t  i s  in t e r ­
e s t in g  to  note th a t these two e c o lo g ic a l ly  d is t in c t  sp ec ies  ex h ib ited  a 
s im ila r  response when placed  under con d ition s o f t o t a l  anoxia. Whole 
pea and r ic e  seed lin g s  remaining in  a ir  fo r  s im ila r  lengths o f time did  
not e x h ib it  an in crea sin g  leakage o f K . However, in  some cases K was
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d etected  in  the so lu t io n s  hut the q u a n tit ie s  obtained were u su a lly  le s s  
than 30 pmol (gdw)"^', and the probably d iffu sed  out o f the fr e e  space.
Figure 3 -2  shows the net in  so lu tio n  a f te r  the seed lin gs had
experienced a 24 h recovery period  in  a ir .  The so lu tio n s  around the
ro o ts  o f pea seed lin g s  th a t had been exposed to anoxia for  up to and
in clu d in g  8 h contained le s s  than 50 ^mol k"** (gdw) whereas so lu tio n s
from around the ro o ts  o f  seed lin g s  th a t had been exposed to  anoxia fo r
9 h or longer contained  a t  le a s t  180 jjimol K**" (gdw) the quantity  o f K
in crea sin g  as the length  o f  the anaerobic exposure in creased . The time
*1*a t  which the sudden in crea se  in  the K content o f  the so lu tio n  occurred, 
i . e .  between 8-9 h anoxia in  th is  experiment (se e  Figure 3*2) ,  i s  a lso  
referred  to as the c u t -o f f  and i t  co incid ed  w ith the observed symptoms 
o f damage. The so lu tio n s  around the ro o ts  o f  r ic e  seed lin g s contained  
l e s s  than 40 |imol k”*" (gdw)  ^ a f te r  anaerobic exposures o f up to and 
in clu d in g  21 h, but between ^  and^h anoxia more than 60 p,mol k"** (gdw)  ^
were d etected  in  the so lu tio n s  and th is  in crea se , although sm all, may 
rep resen t the c u t -o f f  fo r  r i c e .  However, v isu a l symptoms o f  damage, 
such as w ilt in g , were not apparent in  any o f the r ic e  seed lin g s but as  
r ic e  grew poorly a t  20°G -  the lea v es  were o ften  beginning to turn  
yellow  a t  the t ip s  before the seed lin g s  were exposed to  anoxia -  i t  i s  
p o ss ib le  th at any fu rth er damage to  th ese  p lan ts caused by the anaerobic 
treatm ents was masked by th e ir  a lready unhealthy appearance. Temperatures 
o f  25°C and above are normally used in  experiments w ith r ic e  and th ere­
fore fu rth er in v e s t ig a t io n s  were carr ied  out a t  th is  temperature, when 
growth o f r ic e  seed lin g s  was much improved.
Pea seed lin g s  were a ls o  subjected  to anoxia in  calcium sulphate  
(CaSOji^ ) so lu tio n s  a t  a concentration  o f O.5  mmol 1 to determine i f  
calcium  io n s a lte r e d  membrane perm eab ility  and hence K leakage. These 
r e s u lt s  are in  Figure 3•3* The v is u a l cu t-o :^  in  th is  experiment were
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between 2-3 h anoxia fo r  both the water con tro l and the GaSOj^  t r e a t ­
ment. However, the a n a ly s is  o f  n et K**" in  so lu tio n  a fte r  a 24 h recovery  
period  in  a ir  revea led  two p o ss ib le  c u t -o f f s ,  i . e , between $ - 6  and 7 -8  h 
anoxia, n eith er o f  which co incid ed  w ith the observed symptoms o f  damage. 
During th is  p a rticu la r  experiment the temperature in  the anaerobic 
incubator was extrem ely unstab le and ranged from 20 to  25°G, The duration  
and time o f occurrence o f  the higher temperatures are unknown and i t  i s  
p o ss ib le  th a t these temperature flu c tu a tio n s  were resp on sib le  fo r  the 
d iffere n c es  between the v is u a l c u t -o f f  and that determined by K a n a ly s is .  
N everth eless, i t  i s  c le a r  from the r e s u lt s  th a t the presence"of calcium  
io n s  did not delay the onset o f  damage.
3 . 2 .3  Growth and recovery a f te r  anoxia
With pea seed lin g s  the v is u a l c u t -o f f  and the c u t -o f f  in d ica te d  
by measurement o f the net remaining in  so lu tio n  a f te r  a 24 h recovery
period , w ith the exception  o f  the calcium  experiment, were always the
+same i . e .  only seed lin g s  reabsorbing most or a l l  o f  the leaked K appeared 
to  have been undamaged by th e ir  anaerobic treatm ents. The c u t -o f f  
occurred w ith in  the space o f  one hour and the d ifferen ce  between damaged 
and undamaged seed lin g s  was d is t in c t  -  there was no gradual appearance 
o f the symptoms. S im ila r ly  trea ted  seed lin g s were therefore p lanted  out 
in  sand and th e ir  growth a f te r  one week measured (S ection  2 . 2 . 3 ) .  These 
r e s u lt s  are in  Figure 3*4. I n  th is  experiment the v isu a l c u t -o f f  occurred  
between 12-13 h anoxia, but although the lt> 12 h treatm ents in c lu s iv e  
appeared undamaged, when the seed lin g s  were planted out in  sand i t  
became apparent th a t even sh ort periods o f anoxia had se r io u s ly  impaired  
th e ir  growth. A fter  the c u t -o f f  s l ig h t  in creases in  fresh  w eight were 
observed in  14, I5 and 16 h treatm ents as a r e s u lt  o f renewed shoot 
growth o f  these se e d lin g s , although th e ir  roo ts were brown and f la c c id .  
P la te  3 .3  shows the appearance o f s im ila r ly  treated  seed lin g s a f te r  one
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week in  sand.
The e f f e c t  o f anoxia on the fresh  weight changes o f  r ic e  seed lin g s  
was in v e s t ig a te d  a t  25°G (S ec tio n  2 . 2 . 3 )  and th ese  r e s u lt s  are expressed  
as the mean r e la t iv e  growth r a te ,  R, in  Figure 3*5 “with the previous 
r e s u lt s  fo r  pea seed lin g s  included  fo r  comparison. A p o ss ib le  c u t -o f f  
fo r  r ic e  occurred between 14-16 h anoxia , s in ce  a f te r  14 h anoxia there  
was a sudden d ec lin e  in  R and a sso c ia ted  w ith th is  was a change in  the 
appearance o f the se e d lin g s . Up to  and in clud ing  14 h anoxia r ic e  
seed lin g s  were o f s im ila r  appearance w ith upright, green shoot system s, 
whereas a f te r  16 h anoxia seed lin g s  had yellow  shoot system s, some o f  
which were w ilte d  and dried .
At 20°G r ic e  seed lin g s  appeared to  have been unaffected  by anoxia  
u n t i l  a f t e r  21 h (Figure 3-2)  but a t  25^0 they appeared to  have been 
damaged a f te r  14 h anoxia (Figure 3.5)* The e f f e c t  o f  temperature on 
the to lerance o f  pea seed lin g s  to  anoxia was th erefore in v e s t ig a te d  to  
discover i f  pea seed lin g s  were s im ila r ly  a ffe c te d .
3 .2 .4  R e la tiv e  to leran ces o f pea and r ic e  seed lin g s to  anoxia
Figure 3*6 shows the e f f e c t  o f temperature on leakage from
the ro o ts  o f whole pea seed lin g s  subjected  to anoxia. As the temper-
y*ature in creased , more K was lo s t  from the ro o ts  and the c u t -o f f  occurred  
e a r l ie r ;  a t  5 and 15°G a l l  the seed lin g s  recovered from a l l  the anaerobic 
exposures, a t  20°G the c u t -o f f  occurred between 6-8  (e ith e r  6-7  or 7-8) h 
anoxia, but a t  25°G none o f  the seed lin g s  recovered. Again the v is u a l  
c u t -o f f  and the c u t -o f f  determined by measurement o f net K a f te r  a 24 h 
recovery period  in  a ir ,  occurred a t  the same tim e. Thus, damage to  pea 
seed lin g s  as a r e s u lt  o f anoxia occurred e a r lie r  as the temperature o f  
the anaerobic exposure was in creased . S im ila r ly , in creasin g  th e temp­
erature from 20 to  25°G appears to  have a ffe c te d  r ic e  seed lin g s in  the 
same way, s in ce  observations fo r  r ic e  a t  25 and 20^G were s im ila r  to
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those fo r  pea a t  20 and 15^0 r e sp e c t iv e ly .
Temperature f lu c tu a tio n s  in  the anaerobic incubator probably 
caused the v a r ia tio n s  in  the tim es o f  c u t -o f f  and in  the q u a n tit ie s  o f  
K lo s t  by pea se e d lin g s  in  r e p lic a  experiments th a t were performed on 
d if fe r e n t  occasion s.
3 .3  DISCUSSION,
D ifferen ces  between the to lerance l im its  o f  pea and r ic e  seed lin g s  
cv. O eiras su bjected  to  anoxia a t  20°0 were apparent, but the i n i t i a l  
responses o f the f lo o d - in to le r a n t  and the f lo o d -to le r a n t sp ec ies  were 
the same. Both sp e c ie s  l o s t  K from the ro o ts  during anoxia, in  agree­
ment w ith  the fin d in g s  o f  other workers (Vlamis and D a v is ,1944; Marschner 
e t  a l . , 1966; H ia tt  and Lowe,196?) but contrary to  some rep orts (H ia tt  
and Lowe,1967; C hristiansen  e t  a l . , 1 9 7 0 )  the presence o f  calcium ion s  
did not reduce the Ipss o f  K during anoxia. However, the flu c tu a tin g  
temperature may have in flu en ced  th is  r e s u lt .  The in crease  in  membrane 
perm eab ility  during anoxia has been a ttr ib u ted  to  the reduced ra te  o f  
energy supply, which i s  thought to  be in s u f f ic ie n t  to  m aintain membrane 
in te g r ity  (Sim on,1974). Pea ro o ts  l o s t  more K*^  than r ic e  roo ts  e ith er  
because pea see d lin g s  contained more K than r ic e  seed lin g s , or because 
th e ir  membranes became more permeable during the anaerobic treatm ent. 
Vlamis and Davis (1944) reported  th a t below 3% oxygen, k"*" lo s s  from the 
ro o ts  o f barley  and tomato p la n ts  was great, whereas lo s s  from r ic e  
ro o ts  was only s l ig h t ,  but no explanation  was given.
Potassium lo s s e s  from pea ro o ts  increased  w ith in creasin g  temp­
erature, and observations o f both pea and r ic e  seed lin g s  in d ica ted  that 
to lerance o f  anoxia was reduced as the temperature was increased . Kramer 
and Jackson (1954) found th a t in crea sin g  the s o i l  temperature from 20 to  
34^0 a cce lera ted  the ra te  and ex ten t o f in ju ry  to  flooded  tobacco p lan ts
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and Varade, S to lzy  and L etey (19?0) found that a low oxygen supply was 
more detrim ental to  shoot and ro o t growth o f wheat a t  3 2 . 6^0 than a t  
e ith e r  25 .1  or 18,3°G, presumably because a t  higher temperatures the  
r e sp ira tio n  ra te  was in creased  and a low oxygen supply could not s a t i s f y  
the oxygen demand. In  th ese  p resen t experiments in  the absence o f  
oxygen, the in crea sin g  temperatures may have caused in crea ses  in  the 
m etabolic ra te  which r e su lte d  in  to x ic  q u a n titie s  o f  ethanol accumulating 
more ra p id ly , hence the e a r l ie r  c u t -o f f s  a t  higher tem peratures.
A fter a 24 h recovery period  in  a ir  a t  20 0^ , only pea seed lin g s  
experiencing anoxia fo r  8 -h or l e s s  recovered from th e ir  anaerobic 
treatm ents, whereas r ic e  seed lin g s  experiencing up to ,and  in c lu d in g  21 h 
anoxia appeared to  have been undamaged by the anaerobic exposures a t  
th is  temperature (Figure 3*2) .  However, i f  the to leran ces o f pea and 
r ic e  seed lin g s to anoxia are compared a t  temperatures more su ita b le  fo r  
the growth o f the in d iv id u a l sp e c ie s , i . e .  20°G fo r  pea and ,25°G fo r  
r ic e ,  rather than a t  the same tem perature, i t  becomes apparent th a t  
r ic e  i s  not much more to le r a n t o f  cond itions o f  t o t a l  anoxia than i s  
pea. The r e s u lt s  in  Figure 3*5 show th a t the a b i l i t i e s  o f  the two sp ec ie s  
to  recover a f te r  th e ir  anaerobic treatm ents were markedly d if fe r e n t  in  ' 
th a t pea seed lin g s  showed a d ec lin e  in  R during one week in  sand fo llo w ­
in g  2-12 h anoxia, whereas r ic e  seed lin g s  maintained a steady R during 
the same period  fo llo w in g  s im ila r  anaerobic treatm ents. I f  ethanol i s  
to x ic  to  p lan t t is s u e s ,  then th ese  d ifferen ces  may r e f l e c t  sp ec ie s  d i f f ­
erences in  .the ra te  o f  production and /o r  accumulation o f ethanol. In  
the case o f pea, the d ec lin e  in  R may r e s u lt  from the accumulation o f  
ethanol in  the t is s u e s  in  in c r e a sin g ly  damaging q u a n tit ie s . In  r ic e ,  
the ra te  o f  ethanol production during anoxia may ju s t  exceed i t s  ra te  
o f removal from the t is s u e s  so  th a t a damaging concentration  i s  not 
reached u n t i l  a f te r  14 h anoxia. The continued growth o f r ic e
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seed lin g s  a f te r  16 h anoxia may r e s u lt  from the continued growth o f  
the c o le o p t i le ,  freq u en tly  c i te d  as the only p lan t organ ab le to grow 
during anoxia (Opik,1973; Pradet and Bomsel,1978; V artapetian e t  a l . ,
1978) • R ecently however, Echinochloa cru s-ga l l i , a problem weed o f  r ic e  
f i e l d s ,  has a ls o  been shown to  germinate and grow under anaerobic  
con d ition s (Kennedy e t  a l . , 1 9 8 0 ) .  Tbylor (1942) found th a t r ic e  co leop­
t i l e s  were more to le r a n t  o f  exogenous ethanol than r ic e  ro o ts  and i t  
i s  p o ss ib le  th a t a s im ila r  s itu a t io n  e x is t s  w ith regard to th e ir  to le r ­
ance o f endogenous ethanol.
A f lo o d -to le r a n t p la n t r e ly in g  s o le ly  on oxygen transport from 
the shoots for  the avoidance o f  anoxia in  flooded  ro o ts , might be expected  
to  su sta in  in ju ry  s im ila r  to  a f lo o d -in to le r a n t  p lan t when both p la n ts  
are subjected  to  a com pletely anaerobic environment. With pea and r ic e  
seed lin g s  cv. O eiras th is  was not the case and r ic e  seed lin g s  were 
found to be more to le r a n t o f  anoxia than .pea s e e d lin g s , presumably 
because o f d iffere n c es  in  th e ir  metabolism during anoxia.
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Figure 3*3 The e f f e c t  o f GaSOj^  ( 0 .5  mol 1 on the k”** in  the so lu tio n
around the ro o ts  o f in ta c t  pea seed lin g s  a f te r  d if fe r e n t  
length s o f time under anoxia (a and c) and a f te r  a 24 h 
recovery period  in  a ir  (h  and d) ,
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. ' +Figure 3 • o The e f f e c t  o f temperature on K lo s s  from the ro o ts  o f
in ta c t  pea seed lin g s  during anoxia,
A , a -  a l l  seed lin g s  recovered;
•  20°G -  only the 4 and 6 h treatm ents recovered;
T 25 0 -  none o f the seed lin g s  recovered.
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P la te  3 .1  The e f f e c t  o f  d if fe r e n t  len gth s o f time (h) under 
anoxia fo llow ed  "by a 24 h recovery period in  a ir ,  
on the appearance o f pea seed lin g s  (20 -  24°C). 
The v is u a l c u t -o f f  i s  between 10 and 11 h anoxia.
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P la te  3 .2  The e f f e c t  o f d if fe r e n t  lengths o f  time (h) under 
anoxia fo llow ed  by a 24 h recovery period in  a ir ,  
on the appearance o f r ic e  seed lin g s (20 -  24°C). 
The seed lin g s  were unaffected  by these anaerobic 
exposures.
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P la te  3 «3 The e f f e c t  o f  d if fe r e n t  lengths o f  time under 
anoxia fo llow ed  by one week in  sand, on the 
appearance o f  pea seed lin g s (20 -  24°C).
From l e f t  to r ig h t:
Rows I and II  -  12, 10, 8, 6, 4 , (2 ) h anoxia.
Rows I I I  and IV -  24, 22, 20, 18, 16, ( l 4 )  h anoxia.
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CHAP TER 4  
AEROBIC RESPIRATION
4 .1  INTRODUCTION
Under n atu ra l con d ition s the whole p lan t i s  seldom subjected  
to con d ition s o f  t o t a l  anoxia, but cer ta in  p lan t p a rts , freq u en tly  the 
r o o ts , may be su b jected  to  temporary or prolonged oxygen sta rv a tio n .
Short periods o f  flo o d in g  can prove le th a l  to  many p la n ts  th at normally 
grow in  we 11-drained s itu a t io n s , in c lu d in g  most crop sp ec ie s  (Kramer 
and Jackson ,1954; Bergman,1959) a-nd H arris and Bavel (195?) concluded, 
th at "the most s e n s it iv e  a sp ect o f  p lan t a c t iv i ty  in  regard to s o i l  
aeration" was ro o t r e sp ir a tio n . Flooding the s o i l  d isp la ces  oxygen 
from the a ir  spaces (G rab le ,I966; Ponnamperuma, 1972), and th erefore  
d e f ic ie n t  a era tio n  o f  the ro o ts  o f  p lan ts not adapted to  flooded  cond­
i t io n s  could  r e s u l t  in  ro o t r e sp ir a t io n  and u ltim a te ly  p lan t growth 
being im paired (Lemon and Wiegand, I 962) ,
Aerobic r e sp ir a t io n  i s  a process in vo lv in g  the ox id a tive  break­
down o f organic su b stra te  w ith  the accompanying r e le a se  o f energy in  
the form o f  ATP (B eev e rs ,I96I ) , which i s  e s s e n t ia l  fo r  the maintenance 
o f a number o f  p rocesses in c lu d in g  io n  uptake (Hoagland and Broyer,1936), 
tra n slo ca tio n  (K ursanov,I963) and membrane in te g r ity  (H ia tt and Lowe, 
1967; Simon,1974) .  The enzyme system s in volved  in  aerobic r e sp ir a tio n  
are contained in  mitochondria which are extremely s e n s it iv e  to the  
absence o f oxygen (V artapetian  e t  a l . ,  1978) and observations o f m ito­
chondria from ro o ts  o f  r ic e  (V artapetian, Andreeva and Kozlova,1976),  
T r it ic a le  sp. (O liv e ir a ,197?), co tton  and pumpkin (V artapetian e t  a l . ,  
1978) and tomato (M orisset, 1978) have shown th at changes in  the u ltr a ­
stru ctu re o f  th ese  o rg a n elles  occur when the roo ts  are subjected  to
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anoxia a f t e r  a period  o f growth in  a ir .  Degradation o f  the mitochondria  
may occur i f  the period  o f anoxia i s  prolonged (O liv e ira , 197?) •
The r e s u lt s  in  Chapter 3 showed th a t pea and r ic e  seed lin g s  
d iffe r e d  in  th e ir  to leran ces o f  t o t a l  anoxia. The d eclin e  and sudden 
drop in  Rs ex h ib ited  by pea and r ic e  seed lin g s  r e sp e c tiv e ly  (F igure 3*5) 
may r e f l e c t  irrepaicable damage to m itochondria su sta ined  during the  
anaerobic treatm ents, r e s u lt in g  in  the in a b i l i t y  o f  seed lin g s to continue  
aerob ic r e sp ir a tio n  and growth on return  to  a ir .  Seed lings were th ere­
fo re  su bjected  to  anoxia and the r a te  o f  oxygen uptake by the ro o t t is s u e  
was measured e ith e r  immediately a f te r  the anaerobic exposure, or a f te r  
the whole seed lin g  had experienced a 24 h recovery period  in  a ir .  I n i t ­
i a l l y  the ro o t t is s u e  was not s t e r i l i s e d  before the oxygen uptake d eter­
m inations because o f  the p o s s ib i l i t y  o f  fu rth er damaging the ro o t, 
although la t e r  experiments were performed w ith surface s t e r i l i s e d  t is s u e  
to reduce the b a c te r ia l contam ination th a t accompanied damaged ro o t  
systems a f te r  prolonged anaerobic exposures. Some seed lin g s were p lanted  
out in  sand fo r  one week a f te r  the anaerobic treatm ents and th e ir  R 
was ca lc u la te d .
4 .2  RESULTS
4 . 2 .1  Oxygen uptake by pea ro o t se c tio n s  and detached, whole roo ts
A prelim inary experiment was performed to a s se ss  the e f f e c t  o f  
age and / or d istan ce  from the ro o t apex on the r a te  o f oxygen uptake by 
ex c ised , u n s te r i l i s e d  pea ro o t s e c t io n s . S eed lings w ith ages ranging  
from 2-3 to  ^ -6  days o ld  were examined fo llow in g  the method in  S ection  
2 . 5 . 1 , and the r e s u lt s  are in  Table 4 .1 .  These r e s u lt s  show that  
although there were nO trends in  any one group o f  sec tio n s  r e la t in g  
to  the age o f  the t is s u e s ,  the a p ic a l 1 cm o f each ro o t had a higher 
r a te  o f  oxygen uptake than e ith e r  o f the other two ro o t se c t io n s , the
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oxygen uptake r a te s  o f which were s im ila r .
R esu lts  in  F igure 4  ^la  show the r a te s  o f oxygen uptake hy detached, 
s t e r i l i s e d ,  whole ro o t system s measured immediately a f te r  the seed lin g  
had been removed from the anaerobic environment, fo llo w in g  the method 
in  S ectio n  2 . 5 «‘2. As the length  o f  the anaerobic exposure in creased  
the r e s u lt in g  ra te  o f  oxygen uptake by the detached, whole ro o ts  on 
return  to  aerobic con d ition s gradually  decreased, su ggestin g  th a t damage 
to  the aerobic r e sp ir a tio n  system had occurred, and th a t the amount o f  
damage su sta in ed  in creased  w ith  the length  o f the anaerobic treatm ent. 
However, a f t e r  24 h anoxia the r a te  o f  oxygen uptake was s t i l l  more than 
h a lf  the co n tro l r a te , a r e la t iv e ly  high ra te  considering th a t the 
r e s u lt s  in  Chapter 3 had shown th a t the a b i l i t y  o f pea seed lin g s  to  
survive and grow a f te r  anoxia was lo s t  a fte r  the whole seed lin g  had been 
exposed to  the anaerobic environment for  more than 12 h. The a p ic a l 1 cm 
o f  the ro o t has been shown to  have a greater ra te  o f oxygen uptake than 
other reg ion s o f the ro o t, and th erefore the e f f e c t  o f  anoxia may be 
more marked, and hence b e tte r  in v e s t ig a te d , in  the a p ic a l reg ion  o f  
the root .
4 . 2 . 2  Oxygen uptake by u n s te r i l i s e d  pea ro o t t ip s
The r a te  o f  oxygen uptake by ex c ised , u n s te r ilis e d  pea r o o t t ip s  
was measured as described  in  S ectio n  2 . 5 . 1 .  Figure 4 .1b  shows the 
r a te s  o f oxygen uptake by pea ro o t t ip s  immediately a f t e r  the anaerobic 
exposure. There was a marked decrease in  the ra te  o f  oxygen uptake as the 
length  o f the anaerobic exposure in creased , and a f te r  10 h anoxia the 
r a te  had d eclin ed  to  11^ o f  the con tro l r a te , although the ra te  then  
in creased  to  a steady value a f te r  18 h anoxia. Figure 4 .2a  shows the 
ra te  o f oxygen uptake by pea ro o t t ip s  from seed lin g s  th at had remained in  
a ir  fo r  a 24 h recovery period  a f te r  the anaerobic treatm ents. S eed lings  
which had been subjected  to  10 h anoxia or le s s  now exh ib ited  oxygen
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uptake r a te s  between 57 and 100^ o f the con tro l r a te , whereas seed lin g s  
subjected  to  anoxia fo r  14 h or longer exh ib ited  oxygen uptake r a te s  
lower than 57^ o f  the co n tro l r a te .
The so lu tio n s  in  which the seed lin g s  had been exposed to anoxia
were a lso  assayed fo r  (S ec tio n  2 . 4 ) ,  s in ce  r e s u lt s  in  Chapter 3 had
- -  +  shown th a t only seed lin g s  ab le  to  reabsorb most or a l l  o f the leaked K
appeared to recover from th e ir  anaerobic treatm ent. The r e s u lt s  in
Figure 4 .2b  show th a t the c u t -o f f  in  the presen t experiment was between
10-12 h anoxia. Thus seed lin g s  experiencing up to and in clu d in g  10 h
anoxia were not only ab le  to  in crease  th e ir  ra te  o f  oxygen uptake during
the recovery period , but were a lso  ab le  to  reabsorb most o f  the K th a t
had been l o s t  from the ro o ts  during the anaerobic treatm ents.
4 . 2 . 3  Oxygen uptake by s t e r i l i s e d  pea and r ic e  (cv .  G eiras) ro o t t ip s
The r a te  o f  oxygen uptake by ex c ised , s t e r i l i s e d  pea and r ic e  ro o t  
t ip s  was measured a s ,d escr ib ed  in  S ection  2 .5 -1 .  Figure 4 .3  shows the  
ra te s  o f  oxygen uptake by pea ro o t t ip s  immediately a f te r  anoxia (a ) and 
a f te r  the whole seed lin g  had experienced a 24 h recovery period  in  a ir  ( b ) , 
As w ith u n s te r i l i s e d  pea ro o t t ip s  (Figure 4 .1b) the ra te  o f oxygen uptake 
im m ediately a f te r  removal from the anaerobic environment decreased as 
the length  of, the anaerobic exposure in creased , again  suggesting  th a t  
damage to the aerob ic r e sp ir a tio n  system had occurred, and th at i t  in c ­
reased  w ith the length  o f  the anaerobic exposure. The v isu a l symptoms 
o f damage to  pea seed lin g s  in  th is  experiment occurred between 6 and 8 h 
anoxia and the r e s u lt s  in  Figure 4 .3b show th a t a f te r  8 h anoxia the  
ra te  o f oxygen uptake by these seed lin g s  was much lower than the r a te  o f  
oxygen uptake by seed lin g s  th a t had been exposed to  anoxia fo r  6 h or 
l e s s .  Furthermore, Figure 4 .5 a  shows th at seed lin g s  p lanted  out in  sand 
a fte r  the anaerobic treatm ent fa i le d  to grow i f  the anaerobic exposure 
had been longer than 8 h.
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Figure 4 .4  shows the r a te s  o f oxygen uptake by r ic e  ro o t t ip s  
immediately a f te r  anoxia (a ) and a f te r  the whole seed lin g  had experienced  
a 24 h recovery period  in  a ir  (b) ,  Anaerobic exposures ranging from 2 
to 12 h anoxia in c lu s iv e  were not accompanied by su ccess iv e  decreases in  
the ra te  o f  oxygen uptake, and th ese  seed lin g s exh ib ited  a r e la t iv e ly  
steady ra te  o f  oxygen uptake su ggestin g  th a t damage to  the aerob ic resp ­
ir a t io n  system had not occurred during th is  tim e. However, between 12 
and 14 h anoxia ir r e v e r s ib le  damage to  the aerobic r e sp ir a t io n  system  
may have occurred, s in ce  none o f  the treatm ents from l4  to 24 h anoxia . 
in c lu s iv e  showed any oxygen uptake e ith e r  on return to aerobic con d ition s  
or a f te r  the 24 h recovery period  in  a ir .  A fter 14 h anoxia the R (see  
Figure 4 .5^) f e l l  sharply , probably because root growth had ceased  
as a r e s u lt  o f  damage to  the aerob ic resp ira tio n  systems in  the root .  
Continued growth o f  the shoot system , as p rev iously  d iscu ssed  ( see  
S ection  3*3) could be resp o n sib le  fo r  further seed lin g  growth a f te r  
14 h anoxia,
I t  i s  in te r e s t in g  to note th a t anoxia appears to  have the same 
ultim ate damaging e f f e c t  on the aerobic re sp ira tio n  systems o f both pea 
and r ic e  se e d lin g s , s in ce  the a b i l i t y  o f the ro o t t ip s  to  re sp ir e  
a ero b ica lly  a f te r  an anaerobic exposure i s  c lo se ly  fo llow ed  by the 
a b i l i t y  o f  the seed lin g s  to  resume growth.
4 . 2 . 4  B a c te r ia l contam ination
Only in  the experim ents w ith u n s te r ilis e d  ro o t t ip s  (S ectio n s  
4 . 2 . 1  and 4 . 2 . 2 )  were r e la t iv e ly  high r a te s  o f  oxygen uptake obtained  
fo r  the anaerobic exposures between 12 and 24 h, both in  the immediate 
assay and a f te r  a 24 h recovery period  in  a ir .  The so lu tio n s  around 
the ro o ts  o f the seed lin g s  th a t recovered from th e ir  anaerobic t r e a t ­
ments, i . e .  the 0 to 10 h treatm ents in c lu s iv e , were c lea r  whereas a f te r  
the c u t - o f f ,  . i . e  a f te r  anaerobic exposures of 12 h or longer, the
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so lu tio n s  were cloudy. This c lou d in ess probably r e su lte d  from bact­
e r ia l  a c t iv i t y  which would be enhanced by the lo s s  o f  substances from 
the ir r e v e r s ib ly  damaged ro o t t is s u e .  B a c ter ia l re sp ira tio n  could  
th erefore account fo r  a large proportion o f the oxygen consumption 
obtained fo r  these p a rticu la r  treatm ents, s in ce  the ro o t t ip s  were not 
washed or s t e r i l i s e d  before the oxygen uptake determ inations. S t e r i l ­
is e d  ro o t t ip s  ex h ib ited  oxygen uptake r a t e s . lower than u n s te r ilis e d  
ro o t t ip s  and there was no in crea se  in  the ra te  o f oxygen uptake from 
damaged seed lin g s  ( i . e .  a f t e r  the c u t - o f f ) .
4 .3  DISCUSSION
I n i t i a l  experim ents rev ea led  th a t the a p ic a l 1 cm o f the ro o t  
had a higher r a te  o f  oxygen uptake than d id  other reg ion s o f the root ,  
i n  agreement w ith  the fin d in g s  o f  other workers (Gregory and Woodford, 
.1939» M achlis,1944; N o r r is ,1956; B eev ers ,I96I ; John e t  a l . , 1974). The 
e f f e c t  o f  anoxia on the m eristem atic reg ion  o f the ro o t i s  o f  con sid ­
erab le importance s in ce  i f  the meristem i s  damaged, fu rth er new ro o t  
growth from th a t meristem w i l l  be prevented (M orisset, 1978). Working 
w ith exc ised , 8-10 week o ld  tomato r o o ts , Moris s e t  (1978) showed th at  
a fte r  3 days anoxia p rev io u sly  growing meristems were ir r e v e r s ib ly  
damaged. These p resen t experiments show that a f te r  6 and 12 h anoxia  
fo r  pea and r ic e  seed lin g s  r e s p e c t iv e ly , the a b i l i t y  o f the ro o t t ip s  
to  resume oxygen uptake when removed from the anaerobic environment had 
been e ith e r  g r e a tly  reduced (pea, Figure 4 .3 )  or lo s t  ( r i c e ,  Figure 4 . 4 ) ,  
su ggestin g  that ir r e v e r s ib le  damage to  the aerobic r e sp ira tio n  system  
had occurred during the anaerobic treatm ent. Other pea seed lin gs, 
subjected  to  anoxia a t  the same time as those used in  these experiments, 
were used, in  growth experiments and the r e s u lt s  in  Figure 4 .5  show th a t  
anaerobic exposures a few hours longer than those r e su lt in g  in  a lo s s
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o f much o f the cap acity  fo r  aerobic re sp ira tio n  (se e  Figure 4 .3 )  
markedly reduced seed lin g  growth, su ggestin g  th at aerobic r e sp ir a t io n  
i s  necessary fo r  seed lin g  recovery a f te r  anoxia.
Aerobic r e sp ir a tio n  produces 36 moles o f ATP from 1 mole o f  
glucose whereas in  the absence o f  oxygen only 2 moles o f  ATP are a v a i l ­
ab le from the breakdown o f  1 mole o f  g lucose (Beevers, I96I ) . I f  the 
cap acity  fo r  aerob ic r e sp ir a t io n  i s  sev ere ly  damaged during the anaerobic 
treatm ent, the r e s u lt in g  energy supply on return to  a ir  may be in s u f f ­
i c i e n t  to  su sta in  a l l  the ATP-requiring p rocesses, culm inating in  c e l l  
and u ltim a te ly  seed lin g  death. Further evidence supporting the above 
suggestion  i s  g iven  by the r e s u lt s  in  Figure 4 .2  which .show th a t when 
the cap acity  fo r  oxygen uptake, i . e ,  aerobic r e sp ir a tio n , had been lo s t  
(a f t e r  10 h anoxia) the k"*" th a t had been lo s t  from the ro o ts  during the 
anaerobic treatm ent was no longer reabsorbed. Potassium uptake, in  
common w ith the uptake o f  most ca tion s and anions, i s  an a c t iv e  process  
req u ir in g  the ATP supp lied  by aerob ic r e sp ira tio n  (Hoagland and Broyer,
1936) ,  and i t  would be expected to  cease when aerobic r e sp ir a tio n  was 
prevented. Aerobic r e sp ir a tio n  was necessary for  K uptake and seed lin g  
recovery a f te r  anoxia and th erefore i t  i s  in te r e s t in g  to  note th a t  
M u llett and Gonsidine ( 1980) ,  in v e s t ig a t in g  the r e la tio n sh ip  between 
lo s s  and reuptake w ith the p h y sio lo g ic a l condition  o f  some leguminous
seeds, found th a t r a d ic le  ex ten sion  occurred only where a net uptake o f  
*}*K had occurred.
O liv e ira  (197?) found th a t periods o f anoxia greater than 24 h 
were in cr ea sin g ly  d e le te r io u s  to the metabolism and stru ctu re o f  
T c it ic a le  sp . ro o t c e l l s ,  but i f  the period o f  anoxia m s . l e s s  than 24 h, 
the ro o ts  were ab le  to recover. S im ila r ly , Coulomb and Coulomb (1972b, c ite d  
by O liv e ir a ,1977) found th a t Cucurbita pepo p lan ts exposed to  anoxia  
recovered when tran sferred  to an aerated  environment i f  the anaerobic
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period  had not been prolonged. In  these presen t experiments w ith pea 
and r ic e  se ed lin g s  the cap acity  fo r  aerob ic r e sp ir a t io n  by pea ro o t t ip s  
was p ro g ress iv e ly  decreased as the period  o f  anoxia in creased  (Figure  
4 . 3 ) and a f te r  6 h anoxia none o f  the seed lin g s  recovered, whereas w ith  
r ic e  ro o t t ip s  th e  cap acity  fo r  aerob ic re sp ir a tio n  was maintained a f te r  ip 
to  and in c lu d in g  12 h anoxia (Figure 4 .4 )  and some growth o f  the seed lin g s  
was observed a f t e r  a l l  the anaerobic exposures. Thus seed lin g s  recover  
from exposure to anoxia i f  the exposures are le s s  than a cer ta in  l im it  
which appears to be species-dependejit. I f  th is  l im it  i s  exceeded, 
ir r e v e r s ib le  damage to the aerob ic re sp ir a tio n  system occurs r e su lt in g  
in  the in a b i l i t y  o f  seed lin g s  to  resume oxygen uptake and growth on 
return  to  aerob ic co n d itio n s. The lo s s  o f  aerobic resp ira tory  a c t iv i t y  
may be connected w ith  the degradation o f  m itochondria, the s i t e s  o f  
aerob ic r e sp ir a t io n  in  c e l l s ,  during anoxia (O liv e ir a ,197?) .
U e d a  a n d  T s u j i  ( l9 7 l )  s u g g e s t e d  t h a t  t h e  c o n f o r m a t i o n a l  c h a n g e s  
o f  m i t o c h o n d r i a  i n  r i c e  c o l e o p t i l e s  d u r i n g  g e r m i n a t i o n  i n  n i t r o g e n  g a s  
w e r e  c a u s e d  b y  s h o r t a g e  o f  e n e r g y  f o r  t h e  m a i n t e n a n c e  o f  n o r m a l  c o n f o r ­
m a t i o n ,  a n d  L u z i k o v ,  Z u b a t o v  a n d  R a i n i n a  (1973) f o u n d  t h a t  o x i d a t i v e  
p h o s p h o r y l a t i o n  w a s  n e c e s s a r y  f o r  t h e  m a i n t e n a n c e  o f  m i t o c h o n d r i a l  
a c t i v i t y  v i v o . T h u s  i t  i s  p o s s i b l e  t h a t  t h e  i n h i b i t i o n  o f  o x i d a t i v e  
p h o s p h o r y l a t i o n  a n d  ATP p r o d u c t i o n  i n  m i t o c h o n d r i a  d u r i n g  a n o x i a  d a m a g e s  
t h e s e  o r g a n e l l e s  s o  t h a t  o n  r e t u r n  t o  a e r o b i c  c o n d i t i o n s  t h e  o r i g i n a l  
r a t e s  o f  ATP p r o d u c t i o n  c a n n o t  b e  a t t a i n e d .  A l t e r n a t i v e l y ,  t h e  a c c u m ­
u l a t i o n  o f  e t h a n o l  w i t h i n  t h e  c e l l  c o u l d  u l t i m a t e l y  h a v e  t h e  sa m e  e f f e c t  
t h r o u g h  i t s  f l u i d i s i n g  e f f e c t  o n  t h e  m i t o c h o n d r i a l  m em b ran e  ( C r a w f o r d ,
1977) .
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Figure 4 .1  The e f f e c t  o f d if fe r e n t  len gth s o f time under anoxia on 
the immediate oxygen uptake r a te s  o f pea ro o ts ,
( a )  E x c i s e d ,  s t e r i l i s e d  w h o le  r o o t  s y s t e m s .
( h )  E x c i s e d ,  u n s t e r i l i s e d  r o o t  t i p s ,
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Figure 4 .2  The e f f e c t  o f d if fe r e n t  lengths o f time under anoxia  
fo llow ed  hy a 24 h recovery period in  a ir  on*.
(a ) The oxygen uptake r a te s  o f  exc ised , u n s te r ilis e d
pea ro o t t ip s ,  and (h) the remaining in  the so lu t io n  
around the ro o ts  o f in ta c t  pea se ed lin g s .
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Figure 4 .3  The e f f e c t  o f d if fe r e n t  lengths o f time under anoxia on 
the oxygen uptake r a te s  o f exc ised , s t e r i l i s e d  pea roo t  
t ip s  (20°G ).
(a ) Immediately a f te r  anoxia.
(h) A fter  a 24 h recovery period in  a ir .
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Figure 4 .4  The e f f e c t  o f  d if fe r e n t  lengths o f time under anoxia on 
the oxygen uptake r a te s  o f  ex c ised , s t e r i l i s e d  r ic e  ro o t  
t ip s  ( 25°G).
(a ) Immediately a f te r  anoxia,
(h) A fter  a 24 h recovery period  in  a ir .
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Figure 4 .5  The e f f e c t  o f d if fe r e n t  length s o f  time under anoxia on 
the subsequent mean r e la t iv e  growth r a te s ,  R, o f pea 
(20°C) and r ic e  ( 25°0 ) seed lin g s a f te r  one week in  sand.
(n  = 2 ) .
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QHAPIER 5 
EmNQL AGGUMUIATEON
5.1  INTRODUGTE'ON
Ethanol accumulates in  some p la n t t is s u e s  under anaerobic cond­
i t io n s  (K eneficfc,1962; Fulton  and E rick son ,1964; G rineva,1964; leb lo v a  
e t  a l . , 1969; B olton  and E rick son ,1970; Andrews,1977; Chirkova,1978) &nd 
th is  has been regarded by some workers as harmful to the p la n t (Fulton  
and E rick son ,1964; Andrews,1977; Chirkova,1978; Bradet  and Bom sel,1978). 
Ethanol i s  thought to have i t s  to x ic  e f f e c t  by a tta ck in g  and f lu id is in g  
c e l l  membranes (Kiyosawa, 1975» Nandini-Kishore e t  a l .  ,1979) and in t o l ­
erance o f  some p la n ts  to  flo o d in g  has been a ttr ib u ted  to  to x ic  concen­
tr a tio n s  o f  ethanol accum ulating w ith in  the t is s u e s  (Fulton  and Erickson, 
1964; Crawford, 1967;, Crawford and B aines, 1977) » ^ s itu a t io n  in te n s if ie d  
in  the ro o ts  o f  many f lo o d - in to le r a n t  sp ec ie s  by the a cce lera tio n  o f  
g ly c o ly s is  under anoxia (Crawford, 1966;1967;1978). However, there are 
very few rep orts  in  the l i t e r a tu r e  on the concentrations o f  ethanol 
accumulating in  p lan t t is s u e s  under anaerobic con d ition s. Fulton and 
Erickson (1964) found th at ethanol supplied  to  tomato p lan ts in ,n u tr ie n t  
so lu tio n  in  concentrations s im ila r  to those found in  the xylem exudate 
of flooded  p la n ts  ( 4 .3 -8 .7  mmol 1 were to x ic , and they suggested th at  
th^ e permanent in ju ry  to  tomato p lan ts caused by sh ort term flo o d in g  may 
have r e su lte d  from the to x ic  e f f e c t s  o f  endogenous ethanol. The exper­
iments o f  Barclay and Crawford ( I 98I) a lso  im p lica ted  ethanol accumula­
tio n  as a cause o f  seed lin g  death under anoxia, s in ce  pea seed lin g  
su rv iv a l a t  d if fe r e n t  temperatures was always a sso c ia te d  with an in te r n a l  
ethanol concentration  o f  l e s s  than 60 tn.mol 1 However, there i s  no 
con clu sive  proof th at the q u a n tit ie s  o f  ethanol accum ulating in  the
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flood ed  ro o ts  o f  f lo o d - in to le r a n t  p lan ts are e ith e r  to x ic  to  the p lan t  
or the cause o f  flo o d in g  in ju ry  in  these sp e c ie s .
Many in v e s t ig a t io n s  in to  the to x ic i ty  o f ethanol on p la n t t is s u e s
have in vo lved  apply ing  i t  e x ter n a lly  (B eletsk aya , 1977» Chirkova, 1978;
M orisset, 1978) but  although B eletskaya (1977) found th a t 217 mmol 1 ^
ethanol reduced the v ia b i l i t y  o f  germinated w inter wheat and rye ,
M orisset ( I 978) found th is  concentration  to  be non-toxic  to  ex c ised
tomato r o o ts . Chirkova ( I 978) used ethanol concentrations o f  10  ^ and
10 ^ mol 1  ^ but found no s ig n s  o f  in ju ry  in  w illow  (f lo o d -to le r a n t)  and
poplar ( f lo o d - in to le r a n t)  p lan ts exposed to these concentrations for
three weeks, and i t  i s  p o ss ib le  th a t under aerobic con d ition s some o f
the e x te r n a lly  a p p lied  ethanol may be m etabolised by the ro o ts  (C ossins,
1978) .  However, App and M eiss (1958), who germinated and grew r ic e  in
various con cen trations o f  ethanol fo r  one week, found that concentrations  
-1  -1greater than 10 mol 1 were to x ic  to the se e d lin g s .
In  the absence o f  oxygen,ethanol may accumulate to to x ic  le v e ls  
w ith in  t is s u e s ,  e s p e c ia l ly  in  flooded  ro o ts  where there may be in s u f f ­
i c i e n t  in te r n a l v e n t i la t io n  to  maintain aerobic r e sp ir a tio n  in  a l l  the 
reg ion s o f  the ro o t. I t  i s  in te r e s t in g  to  note th a t r ic e ,  a f lo o d -  
to le r a n t  p la n t producing ethanol and ex h ib itin g  an a cce lera ted  g ly c o ly s is  
under anoxia ( T aylor,1942), not only has an e f f ic ie n t  in te r n a l v e n t i l ­
a tin g  system (Barber e t  a l . , 1962; Armstrong,1978) but a lso  ex cretes much 
o f  the ethanol produced (B ertani e t  a l. ,1 9 8 0 )  thereby preventing ethanol 
accum ulation w ith in  the t is s u e s .  Other f lo o d -to le r a n t sp ec ie s  have been 
shown to  remove ethanol from the t is s u e s ,  for  example ethanol i s  lo s t  
from w illow  p la n ts  v ia  the l e n t ic e l s  ( Chirkova and Gutman, 1972) and 83% 
o f the ethanol produced by Echinochloa cru s-ga l l i  seed lin g s  under anoxia  
was found in  the ex tern a l medium (Rumpho and Kennedy, I 98I ) .
Pea and r ic e ,c v . G eiras, seed lin g s  were subjected  to anoxia and
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the ethanol accum ulating around the ro o ts  was measured. Pea seed lin g s  
were a ls o  su b jected  to  anoxia in  sodium b isu lp h ite  (NaHSO )^ so lu tio n s  in  
an attem pt to  reduce ethanol production, and hence accum ulation, through 
the r ea c tio n  o f  the b isu lp h ite  m oiety w ith acetaldehyde,- the precursor  
o f  ethanol (se e  S ection  2 .6 .3 ) .  Pea ro o t ethanol content and the p o s s i­
b i l i t y  o f ethanol lo s s  v ia  the lea v es  o f pea seed lin g s  during anoxia  
were a lso  examined. In  ad d itio n , the s e n s i t i v i t i e s  o f  pea and r i c e ,  cv . 
O eiras, seed lin g s  to  a range o f ethanol concentrations under aerobic  
con d ition s were compared, and the e f f e c t  o f ethanol on pea seed lin g  
su rv iv a l under anoxia was a lso  in v e s tig a te d .
5 .2  RESULTS
5 . 2 .1  Ethanol lo s s  from ro o ts
Pea and r ic e  seed lin g s  were subjected  to  d if fe r e n t  length s o f  
time under aerob ic and anaerobic con d ition s and the ethanol content o f  
the so lu tio n  around the ro o ts  was determined enzym atica lly  immediately  
a fte r  th ese  exposures (S ectio n s 2 .6 .1  and 2 .6 .2 ) .  S ince previous exper­
iments (S ec tio n  3*2) have shown th at damage to  pea seed lin g s  occurred  
a fte r  l e s s  than 12 h anoxia a t  20°G, ethanol exudation by pea ro o ts  was 
measured a f te r  anaerobic exposures o f  up to  and in clu d in g  12 h on ly .
These r e s u lt s  are in  Figure 5 .I&, and they show th a t under anaerobic 
con d ition s ethanol accumulated in  the so lu tio n  around the ro o ts , whereas 
under aerob ic con d ition s i t  did not. S im ilar r e s u lt s  were obtained with  
r ic e  se ed lin g s  a t  20°G (Figure 5 .1 b ), At 25°G more ethanol accumulated 
around r ic e  r o o ts  than a t  20°G (Figure 5 .IL ), presumably because a t  the 
higher temperature the m etabolic r a te , and hence ethanol production, 
were in creased . Pea ro o ts  lo s t  more ethanol during the f i r s t  12 h anoxia
than did r ic e  r o o ts  a t  e ith e r  20 or 25 G^ -  a f te r  10 h anoxia pea ro o ts  . 
had accumulated 0 .66  mmol ethanol per gramme dry weight o f ro o t, an
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amount not reached by r ic e  ro o ts  u n t i l  a f te r  20 h anoxia a t  the same 
temperature, or a f te r  12 h anoxia a t  25°0. Thus the to leran ce  l im its  
o f pea and r ic e  se e d lin g s  under anoxia may be a sso c ia te d  with the prod­
u ctio n  and accum ulation o f  ethanol.
5 .2 .2  Ethanol production by pea ro o ts
The p attern s o f  ethanol exudation observed may r e f l e c t  patterns  
o f ethanol production and accumulation in te r n a lly , or a lte r n a t iv e ly  a l l  
the ethanol produced may be exuded. The q u a n tit ie s  o f  ethanol accum­
u la tin g  in  the r o o ts  and in  the so lu tio n s  around the r o o ts  were d eter­
mined enzym atica lly  (S ec tio n s  2 .6 .1  and 2 .6 .2 )  a f te r  seed lin g s  had been 
subjected  to  anoxia in  d i s t i l l e d  water, and these r e s u lt s  are in  Figure 
5 .2 a , The K*^  con ten t o f the so lu tio n s  were a lso  measured (S ectio n  2 .4 )  
and the time o f c u t - o f f  determined by th is  method was used as an in d ic ­
a tor  o f  ir r e v e r s ib le  damage to the seed lin g s (Figure 5*2b), These 
r e s u lt s  show th a t the time o f  maximum in te r n a l and ex tern a l ethanol 
accum ulations co incid ed  w ith  the time o f the c u t -o f f ,  although th is  does 
not n e c e s sa r ily  mean that ethanol was the cause.
- S eed lin gs were a lso  subjected  to anoxia in  sodium b isu lp h ite  
(NaHSO^) so lu tio n s  in  an attem pt to reduce ethanol production and thus 
delay the on set o f  damage during anoxia. Figure 5*3 shows the e f f e c t  
of NaHSO^  on the ethanol content o f the so lu tio n s  around pea ro o ts  immed­
ia t e ly  a f te r  the anaerobic treatm ent. D ilu te  concentrations (10 ^ and 
10 ^ mol 1 ^) had no e f f e c t  on the ethanol content o f  the so lu tio n s ,
which were s im ila r  to the water co n tro ls , but a t  a concentration  o f  10 
”1mol 1 , NaHSO^  markedly reduced the quantity  o f  ethanol found around
the r o o ts . Potassium  io n s  could  not be measured a ccu ra te ly  in  NaHSO^
- *{■ "j*so lu tio n s  because Na in te r fe r r e d  w ith the absorption spectrum o f K , 
but s in ce  the time o f c u t -o f f  determined by K**" a n a ly s is  a f te r  a 24 h 
recovery period  has been shown to co incid e with the observed symptoms o f
iM
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damage, such observations were used in s te a d . However, although 10 ^ 
mol 1  ^ NaHSO^  reduced the ethanol con ten t o f  the so lu tio n  around the 
r o o ts , a l l  the NaHSO^  treatm ents and the water con tro ls  exh ib ited  symp­
toms o f  damage a t  the same tim e. A fu rth er experiment, the r e s u lt s  o f
which are in  Figure 5.^> showed th a t although the presence o f  10  ^ mol 
_1 NaHSO^  during anoxia again  reduced the ethanol content o f  the s o l ­
u tion  around the r o o ts , the ro o t ethanol content in  the two treatm ents
were s im ila r , and furthermore the tim es o f  c u t -o f f  were the same. The
-2  -1markedly lower q u a n tit ie s  o f ex tern a l ethanol in  the 10 mol 1 NaHSO^  
treatm ents may have r e su lte d  from the in h ib it io n  o f b a c te r ia l eth an ol 
production by th is  concentration  o f  NaHSO ,^ s in ce  u n s te r ilis e d  ro o t  
t is s u e  was used.
5 .2 .3  Prevention  o f tran sp ira tion
Pea seed lin g s  were prevented from tran sp irin g  during the anaer­
obic treatm ents by e ith e r  removing the shoot system s, or spraying them 
w ith S600, an a n ti transp irant which formed a p la s t ic  coatin g  over the 
a e r ia l  parts (S ectio n  2 . ? . l ) .  However, th ese  two treatm ents d if fe r e d  in  
th a t removal o f  the shoot system  a ls o  prevented tra n slo ca tio n  o f  subs­
tances between the leaves and the r o o ts . Figure 5 .5  shows th a t the time 
o f c u t -o f f ,  a s determined by the a n a ly s is  o f  net K a f te r  a 24 h recovery  
period in  a ir ,  occurred 2 h e a r l ie r  when seed lin g s  were prevented from 
tran sp ir in g  during the anaerobic treatm ent than i t  did when seed lin g s  
were allow ed to  tran sp ire . This cou ld  r e f l e c t  a more rapid  accumulation  
o f a to x ic  substance which i s  normally removed by tran sp ira tion  during 
anoxia. Therefore a further experiment was performed where pea seed lin g s  
were subjected  to  anoxia and then sprayed w ith S6OO on removal from the 
anaerobic environment, i . e .  they were allow ed to transpire during the  
anaerobic treatm ent. S eed lings tr e a te d - in  th is  'way exh ib ited  symptoms 
o f damage a t  the same time as the tran sp ir in g  co n tro ls , v e r ify in g  the
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above su ggestion  th a t a to x ic  substance i s  transpired, during anoxia,
5 .2 .4  Summary o f  the above r e s u lt s
U n s te r ilis e d  r o o ts  o f  whole pea and r ic e  seed lin g s  produced 
more ethanol under anoxia than under aerob ic con d itio n s, although some 
o f  the ethanol production was a ttr ib u te d  to b a cter ia . The accumulation  
o f  eth an ol in  the so lu tio n  around pea ro o ts  was not r e f le c te d  in  the 
r o o t eth an ol con ten t, although eth an o l may have reached to x ic  concen- 
ta t io n s  a t  lo c a l is e d  s i t e s  w ith in  the c e l l s ,  the c u t -o f f  occurring when 
a c r i t i c a l  number o f  these s i t e s  had been damaged. Such lo c a lis e d  
accum ulations would not be d etected  in  estim ates o f t o t a l  ro o t ethanol 
con ten t. Further evidence fo r  the accum ulation o f a to x ic  substance 
w ith in  the ro o ts  during anoxia comes from the tra n sp ira tio n  experiments 
where pea se ed lin g s  th a t were prevented from tran sp irin g  during the  
anaerobic treatm ent c u t -o f f  e a r l ie r  than tran sp irin g  con tro l se e d lin g s .  
The prevention  o f  tra n sp ira tio n  during anoxia would r e s u lt  in  the more 
rap id  accum ulation o f the to x in , and th erefore these seed lin g s  would be . 
expected to be damaged e a r l ie r  than the con tro l se ed lin g s .
5 . 2 .5  E ffe c t  o f  exogenous ethanol on seed lin g  growth
Pea and r ic e , cv . Oeiras, se e d lin g s  were subjected  to  1, 3 or 5 
days in  ethanol so lu tio n s  in  a ir  and th e ir  growth was fo llow ed  by meas­
uring changes in  fre sh  w eight (S ec tio n s  2 . 6 . 4  and 2 . 6 . 5  r e s p e c t iv e ly ) .  
F igures 5 . 6a and 5 ‘ 7^ show the e f f e c t  o f  ethanol on the mean r e la t iv e  
growth r a te ,  R, o f  pea and r ic e  seed lin g s  r e s p e c t iv e ly . The f in a l  
w eights o f  the 1 day treatm ents were taken ? days a f te r  the i n i t i a l  
w eighings whereas the f in a l  w eights o f  the 5 day treatm ents were taken - 
11 days a f te r  the i n i t i a l  w eighings. The ra te  o f seed lin g  growth depends 
on, among other fa c to r s , the age o f the seed lin g  and so marked d i f f e r ­
ences in  the R o f the three co n tro ls  were apparent. Therefore F igures 
5 . 6b and 5*7h show the R o f  pea and r ic e  seed lin g s expressed as a per-
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centage o f  the appropriate water co n tro l so th a t the d if fe r e n t  t r e a t ­
ments may he compared.
To determine which ethanol treatm ents were s ig n if ic a n t ly  d i f f ­
eren t from the water c o n tr o ls , t - t e s t s  were performed on the R data.
These r e s u lt s  are in  Table 5*1 &nd they show th a t the R o f  both pea and
r ic e  se e d lin g s  was u n affected  by concentrations o f ethanol up to  10 ^
-1mol 1 , which i s  eq u iva len t to  500 [xmol ethanol in  a 5 ml tube, u n t i l
a f te r  3 days exposure. A fter  5 days in  ethanol so lu tio n s  growth o f  r ic e
se e d lin g s  was s ig n if ic a n t ly  reduced in  lO”  ^ mol l ”  ^ ethanol, but growth
o f pea se e d lin g s  was not s ig n if ic a n t ly  reduced u n t i l  a  concentration  o f
10 mol 1 was reached, R ice seed lin g s  were exposed to more ethanol
per gramme dry w eight o f  ro o t t is s u e  than were pea seed lin g s  -  there
was u su a lly  more pea ro o t t is s u e  per seed lin g , and th erefore per tube,
than r ic e  ro o t t is s u e  -  which may account fo r  th is  d iffere n c e , although
th is  seems u n lik e ly  because the so lu tio n s  were renewed every 12 h to
m aintain the ethanol le v e l s .
P la te  5*1 shows the appearance o f  pea seed lin g s  a f te r  one week
in  eth an o l so lu t io n s . C oncentrations o f  lo ”-^ , lO"^, I'O”  ^ and 10~^ mol l ”^
eth an ol appeared to  have no e f f e c t  on seed lin g  growth and these t r e a t -
-1  -1ments resem bled the water co n tro l. In  10 mol 1 ethanol there was 
some development but no growth o f  la t e r a l  r o o ts , although the shoot s y s ­
tem appeared to have been unharmed, whereas in  1 ,0  mol 1*"^  (1M‘) ethanol 
there was no development o f  la t e r a l  ro o ts  and the shoot systems were 
w ilte d  and yellow .
5 . 2 . 6  E f fe c t  o f  exogenous eth an ol during anoxia
-1A con cen tration  o f 0 .1  mol 1 ethanol has been shown to have no 
damaging e f f e c t  on pea se e d lin g s  exposed to  th is  concentration  fo r  up to  
3 days in  a ir ,  but a 0 ,3  mol 1 so lu tio n  damaged the growth o f pea 
se e d lin g s  a f te r  24 h ( Table 5*1)• Pea seed lin g s  were subjected  to anoxia
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in  so lu t io n s  o f  0 .1  and 0 .3  mol 1  ^ e th an o l fo r  1 to  12 h in c lu s iv e ,  and
the K con ten t o f  the so lu t io n  was measured a f te r  the see d lin g s  had
experienced  a 24 h recovery p eriod  in  a ir  (S ec tio n  2 , 4 ) .  These r e s u lt s
are in  F igure 5 . 8 ,  and each graph i s  the mean r e s u lt  o f  two separate
experim ents in  which the water c o n tro ls  c u t -o f f  a t  the same tim e. In  
—10 ,1  mol 1 eth an ol the c u t - o f f  i s  shown to  occur la t e r  than the co n tro l
(a and b ) ,  although in  one experiment the ethanol treatm ent and the
co n tro l c u t - o f f  a t  the same tim e. However, the fa c t  th a t the c u t -o f f
-1d id  not occur e a r l ie r  in  0 .1  mol 1 ethanol than i t  d id  in  water, 
su g g ests  th a t exogenous eth an ol a t  t h is  concentration  i s  not to x ic  to  
the se e d lin g s  during anoxia .
-1The c u t -o f f  occurred e a r l ie r  in  0 .3  mol 1 eth an ol than i t  did
in  water on two o cca sio n s, a s  the mean r e s u lt  in  Figure 5 .8  ( c and d )
in d ic a te s ,  p o ss ib ly  because t h is  concentration  o f ethanol per ^  was
s u f f i c ie n t  to  denature the plasmalemma o f  the ro o t c e l l s  and ir r e v e r s ib ly
-1damage the s e e d lin g s . N either 0 .1  nor 0 .3  mol 1 ethanol caused any 
y-leakage o f  K from the r o o ts  when se e d lin g s  were su bjected  to  th ese  
con cen tration s in  a ir  fo r  s im ila r  len g th s o f  tim e, i . e .  up to  12 h, 
p o ss ib ly  because the se e d lin g s  were ab le  to  m etabolise some o f  the 
eth an ol during th ese  lim ite d  exposures. However, prolonged-exposures to  
0 .1  and 0 .3  mol 1 ethanol in  a ir ,  where the so lu t io n s  were renewed 
every 12 h, have been shown to  damage pea seed lin g  growth ( Table 5*1)•  
Under th ese  circum stances eth an o l may again  damage se e d lin g  growth 
through i t s  detrim enta l e f f e c t  on the plasmalemma o f the ro o t c e l l s .
5 .3  DISCUSSION
R esu lts  in  Chapter 3 rev ea led  th a t r ic e  se e d lin g s  could  endure 
anoxia fo r  longer periods than pea s e e d lin g s , and th erefore i t  i s  in t e r ­
e s t in g  to  note th a t ethanol accumulated l e s s  ra p id ly  around r ic e  ro o ts
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than around pea r o o ts  during anoxia (F igure 5 . 1 ) .  Moreover, r ic e  seed ­
lin g s  have been shown to  to le r a te  anoxia longer a t  20°G than a t  25°C 
(S ec tio n  3*2.3)  and F igure 5*1 shows th a t ethanol accumulated around 
r ic e  ro o ts  more s low ly  a t  20°G than a t  25°0, Ethanol lo s s  from anaerobic  
ro o ts  has a ls o  been reported  fo r  pea (A ubertin, Rickman and L etey ,1966 ), 
tomato (B olton  and E rick son ,19?0 ), wheat ( Ghirkova,1978), r ic e  (Ghirkova,
1978; B ertan i e t  a l . , 1 9 8 0 )  and barnyard grass (Rumpho and Kennedy, I 98I ) .
In  th ese  p resen t experim ents se e d lin g s  w ith u n s te r il is e d  r o o ts  were used |
and th erefo re  some o f the ethanol accum ulating around the ro o ts  during I
the anaerobic treatm ents could  have been o f  b a c te r ia l o r ig in . However, jIt h is  s itu a t io n  resem bles th a t o f  flood ed  ro o ts  in  the f i e l d ,  where the ’
I
a c t i v i t i e s  o f  microorganisms in  w aterlogged s o i l s  may lead  to the form- i
a t io n  o f lower a lip h a t ic  a lc o h o ls  which may accumulate to  con cen trations |
jth a t are harmful to  p la n t growth (Wang and Ghuang, I 967) . These authors !
- 1  1reported  th a t a con cen tration  o f  0 .4  mol 1 ethanol damaged shoot growth j
jo f  r ic e  s e e d lin g s . In  th ese  p resen t experiments the quantity  o f  eth an o l 1
in  so lu t io n  reached 1.11 mmol (gdw)  ^ around pea ro o ts  a f te r  12 h anoxia , !
and 1 .80 mmol (gdw)  ^ around r ic e  r o o ts  a f te r  22 h anoxia, eq u iva len t to  I
ethanol con cen trations o f  1 .86  and 1.80 mmol 1  ^ r e s p e c t iv e ly . These j
con cen tration s, measured a few hours a f te r  the known to leran ce l im it s  o f  1
pea and r ic e  seed lin g s  under anoxia, a r e ,remarkably s im ila r  and may I
i
th erefore in d ic a te  th a t a to x ic  concentration  o f exogenous ethanol has j
been exceeded. ;
The con cen trations o f  ethanol found around the ro o ts  during Î
anoxia are r e la t iv e ly  low compared w ith  those necessary to s ig n if ic a n t ly  j
reduce se e d lin g  growth under aerob ic con d ition s (Table 5*1) .  However, 1
in  a ir  there i s  the p o s s ib i l i t y  th a t the exogenous ethanol may be metab­
o l is e d  by the seed lin g s  (C ossins and B eev ers ,1963; Ghirkova,1978) . i
Ghirkova (1975) found th a t the ro o ts  o f  w illow , a f lo o d -to le r a n t p la n t, i
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remained v ia b le  in  10  ^ mol 1  ^ ethanol fo r  6 days whereas the ro o ts  
o f  pop lar, a f lo o d - in to le r a n t  p la n t, were k i l l e d  by th is  concentration  
a f te r  2 days, and she la te r  concluded (Ghirkova, 1978) th a t the r e s i s ­
tance o f  p la n ts  to  oxygen d e f ic ie n c y  co rre la ted  w ith th e ir  r e s is ta n c e  to  
higher con cen trations o f  the g ly c o ly t ic  end-products. However, the
r e s u lt s  in  Table 5-1  are a t  variance w ith the above h yp oth esis, s in ce  
-2 -1a f te r  5 days in  10 mol 1 ethanol growth o f r i c e ,  a f lo o d -to le r a n t  . 
p la n t, was s ig n if ic a n t ly  reduced whereas growth o f  pea, a f lo o d - in to le r a n t  
p la n t, was u n affected . Ingram (1976) found th a t c e l l s  o f E sch erich ia  
c o l i  K12, changed th e ir  f a t t y  a c id  com position in  the-presence o f  a lc o h o l, 
and Thomas e t  a l ,  (1978) found th at in  gaccharomyces c e r e v is ia e  the  
to lera n ce  o f  exogenous eth an ol was r e la te d  to the l ip id  com position o f  
the plasmalemma. I t  i s  th erefo re  p o ss ib le  th a t the plasmalemma in  ro o t  
c e l l s  o f  pea and r ic e  s e e d lin g s  were o f d if fe r e n t  com positions, which 
a f fe c te d  th e ir  p erm eab ility  p ro p ertie s  and hence the r a te  o f  d if fu s io n  
o f  ethanol in to  the r o o ts .
The growth o f pea se e d lin g s  in  a ir  was not s ig n if ic a n t ly  reduced
-1 -1a f te r  5 days in  a con cen tration  o f  10 mol 1 ethanol,approxim ately
f i f t y  tim es stron ger than the concentration  measured around the r o o ts  
during an oxia . Furthermore, pea seed lin g s  subjected  to  anoxia in  th is  
con cen tration  o f ethanol were not damaged e a r l ie r  than the co n tro l seed­
l in g s  in  water (F igure 5 - 8 ) ,  su ggestin g  th a t the ex tern a l concentration  
o f eth an ol was not the cause o f  the c u t -o f f .  Fermenting y ea st c e l l s  
a ls o  produce and ex cre te  eth an o l, the production o f  which ceases and 
c e l l  death occurs once a c e r ta in  ex tern a l concentration  has been reached  
(G ray,1941) .  However, i f  a c t iv e  y e a s t  c e l l s  are exposed to  th ese  appar­
e n tly  le t h a l  con cen trations o f  ethanol the c e l l s  are not k i l l e d  and i t  
i s  thought th a t the in te r n a lly  produced ethanol i s  considerab ly  more 
to x ic  than th a t a p p lied  ex te r n a lly  ( Nagodawithana and S te in k ra u ss , 1976) .
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A, s im ila r  s itu a t io n  may e x i s t  in  higher p lan ts  and although measurement • 
o f  the eth an o l con ten t o f  pea r o o ts  produced c o n f lic t in g  r e s u lt s  (F igures
5 .2  and 5 - 4 ) ,  the p o s s ib i l i t y  o f  to x ic  accum ulations o f  ethanol a t  
s p e c if ic  s i t e s  w ith in  the c e l l  cannot be ru led  out.
R esu lts  in  S ectio n  4 . 2 . 3  showed th a t ir r e v e r s ib le  damage to the  
aerob ic r e sp ir a t io n  system s o f  pea and r ic e  seed lin g s  occurred fo llo w in g  
anaerobic exposures in  ex cess  o f  6 and 12 h r e s p e c t iv e ly  (Figure 4 . 5 ) .
Mitochondria are membrane-bound s tru ctu res  and the s i t e s  o f aerob ic resp ­
ir a t io n  in  c e l l s ,  and s in ce  ethanol i s  thought to  have i t s  to x ic  e f f e c t  
by a tta ck in g  and f lu id is in g  c e l l  membranes (Kiyosawa, 1975; Nandini-Ki shore 
e t  a l . , 1979) ,  i t s  accum ulation in  the cytoplasm near mitochondria during 
anoxia may r e s u lt  in  the in a c t iv a t io n  o f  the mitochondria once a to le r a b le  
con cen tration  has been exceeded ( Crawford,1977)• Nobel (1973) found 
th a t m itochondria and c h lo r o p la sts  from d if fe r e n t  t is s u e s  varied  in  
th e ir  perm eab ility  p ro p ertie s  fo r  n o n -e le c tr o ly te s , in c lu d in g  a lc o h o ls ,  
and th erefo re  i t  i s  p o ss ib le  th a t r ic e  seed lin g s  were more to le r a n t o f  
endogenous eth an o l than pea se e d lin g s . This together w ith  the su ggestion  
th a t r ic e  r o o t  c e l l s  may be more permeable to  ethanol than pea ro o t c e l l s  
may ex p la in  how the accum ulation o f  harmful q u a n tit ie s  o f  ethanol w ith in  
r ic e  se e d lin g s  during anoxia i s  delayed.
In  a d d itio n  to  ethanol lo s s  from anaerobic ro o ts  by d if fu s io n  
in to  the surrounding medium, some ethanol may be removed from the ro o ts  
in  the tra n sp ira tio n  stream and lo s t  v ia  the le a v e s . B olton and B ricks  
son ( 1970) found th a t o f  the ethanol formed in  flood ed  tomato r o o ts , one 
f i f t h  was e lim in ated  through ex cretio n  and one tw en tieth  by tra n sp ira tio n , 
and K enefick ( I 962) reported  th a t tran sp ira tio n  was one o f the means o f  
ethanol removal firom the ro o ts  o f  an aerob ica lly  trea ted  sugar b ee ts . I f  . 
a to x ic  product o f anaerobic metabolism was being removed from the ro o t  
t is s u e s  by tra n sp ir in g  le a v e s , then the prevention o f  tran sp ira tion
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during anoxia would be expected  to  r e s u lt  in  a more rap id  accum ulation  
o f  the to x ic  substance in  the r o o ts , and hence e a r l ie r  death o f  the 
se e d lin g s . R esu lts  in  Figure 3»5 show th a t se ed lin g s  trea ted  in  th is  
manner during the anaerobic exposures were damaged e a r l ie r  than tran s­
p ir in g  co n tr o l s e e d lin g s , a r e s u l t  in  agreement w ith the above h yp othesis, 
S im ila r ly , F u lton  and Erickson (1964) found higher ethanol concentrations  
in  xylem exudates from d ecap ita ted  ra th er than in ta c t  tomato p la n ts , and 
they a ttr ib u te d  the d iffe r e n c e  to  the e lim in a tio n  o f  ethanol v ia  the 
f o l ia g e  o f  in ta c t  p la n ts .
Thus the accum ulation o f  a to x ic  product o f anaerobic metabolism, 
assumed but not proved to  be eth an o l, may cause the pea seed lin g  c u t -o f f  
during anoxia through i t s  damaging e f f e c t  on the m itochondria. A s im ila r  
s itu a t io n  may e x i s t  in  r ic e  se e d lin g s  during anoxia,
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Figure 5*1 Ethanol accum ulation in  the so lu tio n  around the ro o ts  o f  
in ta c t  seed lin g s  under aerob ic (AE) and anaerobic (AN) 
co n d itio n s .
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Figure j . 2  The e f f e c t  o f  d if fe r e n t  length s o f time under anoxia on:
(a ) Ethanol accum ulation in  the r o o ts , and in  the so lu tio n  
around the r o o ts , o f in ta c t  pea s e e d lin g s , and (h) the k"*" 
rem aining in  the so lu t io n  around th ese  r o o ts  immediately  
a f t e r  anoxia (a ) and a f te r  the recovery period  in  a ir  ( A ) .
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Figure 5-3 The e f f e c t  o f  d if fe r e n t  concentrations o f  NaHSO^  on ethanol 
accum ulation in  the so lu tio n  around the r o o ts  o f in ta c t  pea 
se e d lin g s  during anoxia , compared with water con tro ls  "both 
in  a ir  (AE) and under anoxia (AN).
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Figure 5*^ The e f f e c t  o f d if fe r e n t  length s o f  time under anoxia on 
ethanol accum ulation in  the ro o ts  (INT. ),  and i n  the 
so lu tio n s  around the ro o ts  (EXT. ) ,  o f  in ta c t  pea seed­
lin g s  in  water and in  10 ^ mol 1  ^ NaHSO .^
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Figure 5*5 The e f f e c t  o f preventing  tra n sp ira tio n  (h  and d) on 
the time o f  c u t - o f f  "by pea seed lin g s  compared with  
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Figure ^ .8  The e f f e c t  o f  two d if fe r e n t  ethanol concentrations  
(b and d) on the time o f  c u t -o f f  by pea seed lin g s  
compared w ith water co n tro ls  (a and c ) .
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TaMe 5 .1
The mean r e la t iv e  growth r a te ,  R, o f pea and r ic e  (c v . O eiras) seed lin g s  
a f te r  1, 3 or 3 (lays exposure o f the ro o ts  to  water or d if fe r e n t  conc­
en tra tio n s  o f  ethanol; t - t e s t s  (n = 6) compare the ethanol treatm ents 
w ith the r e le v a n t water c o n tr o ls . Based on data presented  in  F igures  
5. 6a and 5* 7a-.
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72 ,
10-1 10-2 10-3 10-4 10
-1'
-5
C oncentration o f  eth an ol (mol 1 ) Control
P la te  5*1 The e f f e c t  on the appearance o f pea se e d lin g s ,
o f exposing the ro o ts  to  d if fe r e n t  concentrations  
of ethanol for  one week.
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amp TER 6 
GÂRBQHYDRATB AVAILABILITY
6.1  INTRODUCTION
G ly c o ly s is  operates in  the presence and absence o f  oxygen but 
i t s  r a te  i s  dependent upon oxygen a v a i la b i l i t y  (B eev e rs ,I96I ) . In  many 
t is s u e s  an in cr ea se  in  the r a te  o f  g ly c o ly s is  occurs when the t is s u e  i s  
deprived o f  oxygen (B e e v e r s ,I96I ; Crawford,1978) and th is  causes an 
in cr ea se  in  the r a te  o f  production and accum ulation o f  i t s  end-product, 
la c ta te  or eth an o l, which some workers (Fulton and E rick son ,196^; Andrews, 
1977; C hirkova,1978; Pradet and Bom sel,1978) consid er harmful to the 
p la n t. However, the in crea se  in  g ly c o ly t ic  ra te  a ls o  r e s u lt s  in  an 
in crea sed  r a te  o f  production o f  ATP which other workers (G rineva,1964; 
Rumpho and Kennedy,I98I) consider an adaptation  to. anaerobic con d ition s  
because more energy i s  made a v a ila b le  during the period  o f anoxia.
An in cr ea se  in  the r a te  o f  g ly c o ly s is  must a lso  be accompanied 
by an in cr ea se  in  the r a te  o f  consumption o f  su b stra te s , p a r tic u la r ly  
g lu co se , the hexose a t  the s ta r t in g  p o in t o f  the g ly c o ly t ic  sequence, 
and th is  in  turn req u ires a more rap id  breakdown o f  organic compounds to  
supply the g lu co se . T ranslocation , in  common w ith other ATP-requiring 
p ro cesses , may be reduced or com pletely  in h ib ite d  during anoxia (C u rtis , 
1929, c i te d  by Bergman,1959; Kursanov,I963) and th erefore there i s  the  
p o s s ib i l i t y  th a t g ly c o ly s is  may be r e s t r ic t e d  or even cease through 
lack  o f  su b stra te  i f  the t is s u e s  do not p o ssess  s u f f ic ie n t  reserv es  o f  
organic compounds. V artapetian  e t  a l .  ( I 976) suggested  th at the cap acity  
o f  the r ic e  c o le o p t i le  to  grow during anoxia was a r e s u lt  o f the seed­
lin g s '  a b i l i t y  to  transport organic compounds from the grain  to the 
c o le o p t i le  fo r  u t i l i s a t io n  in  g ly c o ly s is ,  and they advanced the hypothesis
7^.
(V artapetian  e t  a l . ,  1977) th a t the immediate fa c to r  resp o n sib le  fo r  the 
in ju ry  o f  the r o o t c e l l s  o f  mesophytes during anoxia may be carbon 
s ta r v a tio n . Further experim ents w ith  ex c ised  r o o ts  and g lucose so lu tio n s  
le d  them to  conclude (V artapetian  e t  a l . , 1978) th a t the u ltra stru c tu re  
o f  r ic e  ro o ts  does not have a h igher to leran ce o f  anoxia than the ro o ts  
o f  pumpkin, a f lo o d - in to le r a n t  p la n t, and th a t carbon sta rv a tio n  i s  the  
immediate cause o f  ro o t c e l l  d estru ctio n  under prolonged anoxia. Unpub­
l is h e d  data o f  Gaynard and Armstrong, Webb and Armstrong ( c it e d  by Sand­
erson and Armstrong, 1980) showed th a t r ic e  and pea r o o ts  in  g lucose  
media regrew a f t e r  a 2^ h exposure o f  the whole p la n t to  anoxia, whereas 
r o o ts  w ithout added g lu cose  d ied .
The experim ents in  th is  chapter were designed to  in v e s t ig a te  the  
importance o f  carbohydrate re ser v es  fo r  pea seed lin g  su rv iv a l during and 
a f t e r  anoxia.- S eed lin gs w ith  d if fe r e n t  carbohydrate conten ts -  i . e .  
light-grow n  and dark-grown se e d lin g s , both w ith and w ithout coty ledons -  
were used. In  some experim ents 2^ g lu cose  was su p p lied  to the r o o ts  
during the course o f  the experiment and i t s  e f f e c t  on K  lo s s  and seed ­
l in g  su rv iv a l were examined. Ethanol accum ulation in  the so lu tio n  
around the r o o ts  was a ls o  in v e s t ig a te d .
6 .2  RESULTS
6 . 2 .1  E ffe c t  o f  sugar on pea se e d lin g  survi-val under anoxia
S eed lin gs were su b jected  to  anoxia in  d i s t i l l e d  water, 2% g lucose  
or 2^ sucrose so lu tio n s  (S ec tio n  2 . 3 )  and the content o f the so lu t io n  
was determined (S ec tio n  2 . 4 ) .  The r e s u lt s  in  Figure 6 .1  show th a t seed -  
l in g s  su bjected  to  anoxia in  water l o s t  more K than seed lin g s  su bjected  
to  anoxia in  e ith e r  2% g lu cose  or 2% sucrose s o lu t io n s , and there are  
two p o s s ib le  reasons fo r  t h is .  F ir s t ly ,  the ro o ts  in  sugar so lu t io n s  
may have been l e s s  se v e r ly  damaged than ro o ts  in  w ater, hence sm aller
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*3*q u a n tit ie s  o f  K were lo s t .  A lte r n a tiv e ly , the r a te  o f  d if fu s io n  o f  
K in to  water may have been greater  than i t s  ra te  o f  d if fu s io n  in to  the 
sugar so lu t io n s . A fter  a 24 h recovery period, in  a ir  the time o f  c u t-  
o f f ,  as determined, by measurement o f the net K in  s o lu t io n , was between 
6-7 h anoxia fo r  the co n tr o l se e d lin g s  in  water, but was unclear for  
the sugar treatm ents (F igure 6 . 2 ) ,  s in ce  the q u a n tit ie s  o f  remaining 
in  these so lu t io n s  were r e la t iv e ly  low fo r  a l l  anaerobic exposures. 
N ev erth e less , v i s ib l e  symptoms o f  damage were apparent in  a l l  three  
treatm ents, although i t  i s  in te r e s t in g  to  note th a t damage was observed  
in  c o n tro l s e e d lin g s  1 h e a r l ie r  than i t  was in  the sugar treatm ents, 
i . e .  the presence o f sugar during anoxia delayed the onset o f  damage. A 
fu rth er experiment was performed to  determine i f  the presence o f g lucose  
during anoxia a ls o  enhanced the subsequent performance o f seed lin g s  
planted  out in  sand (method in  S ectio n  2 . 2 . 3 ) .  O bservations again  
showed th a t see d lin g s  th a t had been su b jec ted -to  anoxia in  2% g lucose  
so lu tio n s  ex h ib ite d  symptoms o f damage 1 h la te r  than the co n tro l seed­
l in g s .  However, when th ese  se ed lin g s  were p lanted  out in  sand th e ir  
performances were s im ila r . F igure 6 .3  shows the. fr e sh  w eight changes o f  
th ese  se e d lin g s  a f t e r  one week in  sand, and F igure 6 .4  shows the same 
data expressed  as the mean r e la t iv e  growth r a te , R. A paired  t - t e s t  
on the mean data from Figure 6 .3  revea led  th a t the water and g lucose  
treatm ents were not s ig n if ic a n t ly  d if fe r e n t  a t  the 3% l e v e l  ( t  = 1.866,  
df  = 12),  i . e .  the presence o f  2% g lu cose during anoxia , although  
b e n e f ic ia l  in  the sh ort term, d id  not enhance the subsequent growth or 
su rv iv a l o f  the se e d lin g s .
6 . 2 .2  E f fe c t  o f carbohydrate a v a i la b i l i t y  during anoxia
Light-grown and dark-grown pea se e d lin g s , some o f  which had had 
th e ir  coty ledons removed im m ediately before the experim ent (S ec tio n  2 . 7 . 2 ) ,  
were su b jected  to  anoxia in  water or 2% g lucose so lu t io n s  (S ec tio n  2 .3 )
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and the K conten t o f the so lu t io n s  determined a f te r  a 24 h recovery  
period  in  a ir  (S ec tio n  2 . 4 ) .  The coty ledons are storage organs con t­
a in in g  reserv es  o f  carbohydrate which are m etabolised during the growth 
o f  the se e d lin g . These organs were removed in  order to  reduce the  
q u antity  o f  carbohydrate a v a ila b le  to  the seed lin g  during anoxia . The 
r e s u lt s  in  Figure 6 .5  show th a t se e d lin g s  w ithout coty ledons e x h ib ite d  
an e a r l ie r  c u t -o f f  than in t a c t  s e e d lin g s , which su ggests  th a t some 
tra n s lo ca tio n  o f  organic m ater ia l from the cotyledons occurred in  in t a c t  
seed lin g s  during anoxia. Thus the e a r l ie r  c u t -o f f  by se e d lin g s  w ithout 
cotyledons may have been caused by a shortage o f  organic compounds. To 
t e s t  th is  hyp othesis se e d lin g s  w ithout coty ledons were su b jected  to  
anoxia in  Z% g lucose s o lu t io n s  in  an attem pt to  rep lace the carbohydrate 
reserv es  removed w ith the co ty led o n s. The r e s u lt s  o f  th is  experiment 
are in  Figure 6 .6  and they show th a t the c u t -o f f  was delayed when th ese  
seed lin g s  were su b jected  to  anoxia in  2% g lucose so lu t io n s  compared to  
when they were su b jected  to  anoxia in  water.
Exogenous g lu cose has a ls o  been shown to delay the c u t - o f f  by 
whole se e d lin g s , which su g g ests  th a t the endogenous supply o f  organic  
compounds may be in s u f f ic ie n t  to  m aintain metabolism during prolonged  
anoxia. However, the exogenous g lu cose  merely delayed the symptoms o f  
damage. I t  i s  u n lik e ly  th a t the q u antity  o f  exogenous g lu cose was l im it ­
in g  s in ce  2% g lucose delayed the c u t -o f f  by light-grow n se e d lin g s  w ith ­
out coty ledons fo r  2 h (F igure 6 . 6 ) ,  but delayed the c u t - o f f  by whole 
se e d lin g s  fo r  only 1 h (o b se rv a tio n ), although whole se e d lin g s  had an 
a d d itio n a l source o f  carbohydrate in  the coty ledons. This r e s u l t  su ggests  
th a t a shortage o f  carbohydrate was not the cause o f  the c u t - o f f  when 
whole see d lin g s  were su b jec ted  to  anoxia in  2% g lucose s o lu t io n s .
6 . 2 .3  Ethanol accum ulation
Ethanol i s  the end-product o f  g lucose metabolism in  pea seed lin g s
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during anoxia , and i t  i s  p o ss ib le  th a t in  a s itu a t io n  where g ly c o ly t ic  
su b stra te  i s  not l im it in g  metabolism, ethanol may accumulate to  to x ic  
le v e ls  w ith in  the t i s s u e s .  Dark-grown and light-grow n pea se e d lin g s , 
some o f which had had th e ir  cotyledons' removed im m ediately before the  
experiment (S ec tio n  2 .7 .2 ) ,  were su bjected  to  anoxia in  water or Z% g lu ­
cose so lu t io n s  (S e c tio n  2 . 3 ) .  The ethanol content o f the so lu tio n s  
was determined en zym atica lly  im m ediately a f te r  the anaerobic treatm ent 
(S ec tio n s  2 . 6 . 1  and 2 . 6 . 2 )  and the r e s u lt s  are in  Table 6 .1 .  I t  i s  
in te r e s t in g  to  note the time a t  which the maximum q u antity  o f  ethanol 
had accumulated fo r  each treatm ent -  whole light-grow n and dark-grown 
seed lin g s  continued to  accumulate ethanol throughout the course o f  the 
experim ent, whereas se e d lin g s  w ithout cotyledons reached th e ir  maximum 
ethanol accum ulation a f te r  8 h anoxia. This su ggests th a t in  seed lin g s  
w ithout coty ledon s g ly c o ly t ic  su b stra te  was exhausted a f te r  8 h anoxia. 
Further evidence f o r , t h i s  comes from the r e s u lt  th a t light-grow n and 
dark-grown se e d lin g s  w ithout coty ledon s, but subjected  to  anoxia in  2% 
glucose so lu t io n s , continued to accumulate ethanol fo r  longer periods  
than s im ila r  se e d lin g s  su b jected  to  anoxia in  water, presumably because 
the exogenous g lu cose  was being m etabolised . The c u t -o f f  by seed lin g s  , 
w ithout co ty led on s, but subjected  to anoxia in  2^ g lu cose  s o lu t io n s , may 
have been caused by e ith e r  a shortage o f  g ly c o ly t ic  su b stra te  or the 
accum ulation o f  to x ic  q u a n tit ie s  o f  ethanol. However, when whole seed­
lin g s  were su b jected  to  anoxia in  2% g lucose so lu t io n s , a s itu a t io n  
where g ly c o ly t ic  su b stra te  was not considered lim it in g , seed lin g  death  
may have been caused by eth an ol. U nfortunately ethanol accumulation  
around the ro o ts  o f  whole se e d lin g s  subjected  to anoxia in  2fç g lucose  
so lu tio n s  was not in v e s t ig a te d .
6 .3  DISCUSSION
Light-grown pea se e d lin g s  th a t were subjected  to  anoxia in  water
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showed symptoms o f  damage e a r l ie r  than seed lin g s  th at were su b jected  to  
anoxia in  2% so lu t io n s  o f  g lu cose and su crose . This suggested  th a t the, 
se e d lin g s  in  water may have been experiencing  a shortage o f g ly c o ly t ic  
su b stra te  during the anaerobic treatm ent. Such a shortage could  have 
r e s u lte d  from e ith e r  inadequate carbohydrate reserv es  in  the se e d lin g ,  
or in e f f i c i e n t  breakdown and tr a n s lo c a tio n  o f  the reserv es  during anoxia. 
S eed lin g s w ithout coty ledons ex h ib ite d  e a r l ie r  c u t -o f f s  than s im ila r  
se e d lin g s  in  2% g lucose (F igure 6 .6 )  or whole seed lin g s  in  water (F ig ­
ure 6 . 5 ) .  This su g g ests , contrary to  rep o rts  in  the l i t e r a tu r e  (Kursanov, 
1963; V artapetian  e t  a l , ,  1978),  th a t some tra n slo ca tio n  o f  sugar from 
the coty ledons d id  occur in  whole see d lin g s  during anoxia. However, 
th a t t h is  endogenous supply o f  sugar was in s u f f ic ie n t  to m aintain the  
requ ired  r a te  o f  g ly c o ly s is  in  whole seed lin g s  during anoxia, i s  ev id ­
enced by the observation  th a t 2^ g lu cose a ls o  delayed the c u t -o f f  by 
whole, light-grow n sp ed lin g s. S im ila r ly , V artapetian e t  a l .  (1978) found 
th a t the d estru c tiv e  changes observed in  ex c ised  pupmkin and r ic e  r o o ts ,  
a f t e r  5 sind 7 h anoxia r e s p e c t iv e ly , could be delayed u n t i l  a f t e r  96 h 
anoxia i f  the r o o ts  were su pp lied  w ith  exogenous g lucose (O.5  to  1.0^  
s o lu t io n s ) .
The 2$> g lucose so lu tio n  contained  s u f f ic ie n t  g lucose to delay 4
the c u t - o f f  by light-grow n se e d lin g s  w ithout cotyledons for  2 h, and t
th erefo re  a s im ila r  so lu t io n  was expected to  the delay the c u t -o f f  by 
wholg, light-grow n seed lin g s  fo r  a t  l e a s t  2 h, s in ce  th ese  seed lin g s  a ls o  
p ossessed  fu rth er organic re ser v es  in  the coty ledons. However, 2% g lu ­
cose so lu tio n s  merely delayed the p u t-o ff  by whole, light-grow n se e d lin g s  i
fo r  1 h, su ggestin g  th a t in  th is  case something other than a sugar sh o r t-  ;
iage was the cause o f  the c u t -o f f .  I f  there was a shortage o f g ly c o ly t ic
I
su b stra te , the ra te  o f  g ly c o ly s is ,  and hence the ra te  o f  ATP production, !
would be reduced and under th ese  circum stances seed lin g  death under -!
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anoxia may r e s u l t  from in s u f f ic ie n t  ATP fo r  the maintenance o f  c e l lu la r  
p ro cesses . However,- when g ly c o ly t ic  su b stra te  i s  not l im it in g , g ly c o l­
y s i s  would be expected  to  proceed a t  i t s  maximum anaerobic r a te ,  and 
although th ere i s  the p o s s ib i l i t y  th a t ethanol may accumulate to  le v e ls  
th a t are harmful to  the se e d lin g , there i s  a lso  the p o s s ib i l i t y  th a t  
the maximum r a te  o f  ATP production i s  s t i l l  in s u f f ic ie n t  to  m aintain  
c e l lu la r  p ro cesses  during prolonged anoxia . S im ilar con clusion s were 
reached by V artapetian  e t  a l .  (1978) fo r  ex c ised  r ic e  r o o ts , s in ce  in c ­
r ea s in g  the g lu cose  con cen tration  from 1 to  3% d id  not fu rth er  enhance 
the r e s is ta n c e  o f  the ro o t c e l l s  to  anoxia .
Measurement o f  eth an o l accum ulation around the r o o ts  during  
anoxia showed th a t se e d lin g s  w ithout coty ledons ceased  accum ulating  
ethanol e a r l ie r  than e ith e r  whole seed lin g s  or see d lin g s  w ithout co ty ­
ledons th a t were in  2^ g lu cose so lu tio n s  (Table 6 . 1 ) .  This would be 
expected because se e d lin g s  w ithout coty ledons would exhaust th e ir  
su p p lie s  o f  g ly c o ly t ic  su b stra te  e a r l ie r  than whole seed lin g s  or th ose  
w ith  an exogenous g lu cose supply. However, the cause o f  death o f whole, 
ligh t-grow n  se e d lin g s  th a t were su bjected  to anoxia in  2% g lu cose  
so lu t io n s  s t i l l  remains unclear; seed lin g  death under these co n d ition s  
may have r e s u lte d  from the accum ulation o f  harmful q u a n tit ie s  o f  ethanol 
a n d / o r  the fa i lu r e  o f c e l lu la r  p ro cesses , in c lu d in g  the maintenance o f  
m itochondrial in t e g r i t y ,  because the ra te  o f ATP production during anoxia  
could  not s a t i s f y  the demand.
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Figure 6.1  The e f f e c t  o f  d if f e r e n t  length s o f  time under anoxia on 
K in  the so lu t io n  around the ro o ts  o f  in t a c t  pea seed ­
lin g s  in  w ater , g lu cose and sucrose s o lu t io n s .
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Figure 6 .2  ïh e  e f f e c t  o f  d if fe r e n t  length s o f  time under anoxia  
fo llow ed  by a 24 h recovery period in  a ir ,  on the K 
rem aining in  the s o lu t io n  around the ro o ts  o f  in ta c t  
pea se e d lin g s  in  w ater, g lucose and sucrose s o lu t io n s .
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F i g u r e  6 .3  T h e e f f e c t  o f  d i f f e r e n t  l e n g t h s  o f  t i m e  u n d e r  a n o x i a  
i n  w a t e r  a n d  2% g l u c o s e  s o l u t i o n s  o n  t h e  s u b s e q u e n t  
c h a n g e s  i n  f r e s h  w e i g h t  o f  p e a  s e e d l i n g s  a f t e r  o n e  
w e e k  i n  s a n d .
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Figure 6 ,4  Data presented  in  F igure 6 .3 ,  expressed a s  the mean 
r e la t iv e  growth r a te ,  R. (n = 2 ) .
® water; O 2% g lu cose so lu t io n s .
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Figure 6 .5  The e f f e c t  o f  cotyledon  removal (h and d) on the time 
o f  c u t -o f f  hy light-grow n and dark-grown pea seed lin g s  
compared w ith in ta c t  co n tro ls  ( a and c ) .
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Figure 6 .6  The e f f e c t  o f  Z% g lucose (h and d) on the time o f  c u t -o f f  
hy light-grow n  and dark-grown pea se e d lin g s  w ithout 
cotyledons compared w ith  water co n tro ls  ( a and c ) .
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GHAPTBR 7 
RIGEî VARIETAL HEFPERENGES
7 .1  INTRODUGTEON
R ice i s  an im portant agronomic sp ec ie s  which provides food  fo r  
h a lf  o f  the E arth 's  p opulation  (from Taylor, 19^2 and V artapetian  e t  a l . ,  
1978) ,  and i t  i s  u su a lly  grown in  paddy f ie ld s  where 5“10 cm o f  standing  
water i s  m aintained during the ^ -5  months the crop i s  in  the f i e l d  (Ponn~ 
amperuma,1972) .  However, there are many d if fe r e n t  v a r ie t ie s  o f r i c e  and 
th ese  are grown under d if fe r e n t  water regim es in  d if fe r e n t  areas o f  the  
world. In  many r ice-grow in g  areas r a in  i s  the main source o f  w ater, hut 
because th is  supply cannot be c o n tr o lle d  droughts or flo o d s  may occur 
(IRRI R ep ort,197^ ), sund although r ic e  i s  regarded as a h igh ly  su c c e ss fu l  
f lo o d -to le r a n t  sp e c ie s , the com plete submergence o f  many v a r ie t ie s  can  
r e s u lt  in  con sid erab le crop damage and low grain  y ie ld s  (Palada and 
V ergara,1972) .
F lo a tin g  r ic e  v a r ie t ie s  are ab le  to  elongate as the water le v e l  
r i s e s ,  and a t  l e a s t  f iv e  m illio n  h ectares o f th is  type o f  r ic e  are grown 
in  areas th a t are annually flood ed  to  depths o f  more than 2 m fo r  3 -4  
months o f the year (iRRI R ep ort,197^). However, in  monsoon a rea s, where 
the water le v e l  may r i s e  between 60 and 90 cm per day a t  the beginning  
o f  the season, f lo a t in g  r ic e  crops may be com pletely submerged i f  e lo n ­
ga tio n  cannot keep up w ith  the ra p id ly  r is in g  water le v e l .  In  lowland  
r ic e  f i e l d s ,  where n o n -flo a tin g  r ic e  v a r ie t ie s  are grown, complete sub­
mergence i s  a rare even t, but n ev er th e less  can occur during p eriod s o f  
unusually heavy r a in s . There has been much research  in to  the development 
o f  improved r ic e  v a r ie t ie s  (iRRI R ep orts ,197^ to 1978 in c lu s iv e )  and 
submergence to leran ce  i s  a d es ira b le  c h a r a c te r is t ic  in  both f lo a t in g
' C:' -X-y/);,;:. - %:
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and lowland r ic e  v a r i e t i e s , s in ce  crop lo s s e s  would be g rea tly  red u ced , 
i f  the p la n ts  cou ld  ‘su rv ive the period  o f submergence.
V artapetian  e t  a l .  (1978) regard the young r ic e  se e d lin g  a s  a 
higher p la n t w ith  a true adaptation  to  anoxia, although they a ttr ib u te  
the su r v iv a l o f  a d u lt  p lan ts  in  flooded  s o i l s  to  the a b i l i t y  o f  the  
p la n ts  to  a era te  th e ir  r o o ts , rath er than to  m etabolic adaptations to  
anoxia in  the ro o t c e l l s .  Therefore a d u lt r ic e  p la n ts  should be suscep­
t ib le  to  complete submergence whereas young r ic e  se e d lin g s  should be 
to le r a n t  o f  i t .  However, Palada and V er^ ra  (1972) reported  th a t r ic e  
was most su sc e p tib le  to  submergence during the se e d lin g  s ta g e , although  
when se e d lin g s  o f  f i f t e e n  r ic e  v a r ie t ie s  were submerged fo r  10 days, the  
su rv iv a l o f  the d if fe r e n t  v a r ie t ie s  ranged between 30 aud 100^ (iRRI Re­
p o r t ,1977). Submergence may occur more than once during the season , 
and Datta and B anerji (197^) found th a t many r ic e  v a r ie t ie s  ex h ib ited  
b etter  r e s is ta n c e  to, flo o d in g  a f te r  the f i r s t  f lo o d . In  a recen t study  
o f  the to lera n ces  o f  d if fe r e n t  r ic e  v a r ie t ie s  to  com plete submergence 
a t  the se e d lin g  s ta g e , Karin ( I 98O) found th a t r ic e  v a r ie t ie s  FRI3A 
( subm ergence-tolerant) and IR8 (subm ergence-intolerant) both ex h ib ited  
100^ su rv iv a l a f t e r  ^ days complete submergence, but a f te r  6 days, sur­
v iv a l was 98 and 90% fo r  FR13A- and IR8 r e sp e c t iv e ly .
When se e d lin g s  are submerged they are exposed to  an environment 
in  which m olecular oxygen i s  in  sh ort supply, and th erefore  in  th is  
r e sp e c t submerged and anaerobic environments are s im ila r . This chapter 
p resen ts data on the to leran ce  l im its  and su rv iv a l o f  14 day o ld  r ic e  
seed lin g s  o f v a r ie t ie s  FR13& and IR8 under con d ition s o f  t o t a l  anoxia. 
Measurements o f  oxygen uptake r a te s  by exc ised  r o o t t ip s ,  ethanol accum­
u la tio n  around the r o o ts  and the mean r e la t iv e  growth r a te ,  ,R, o f  seed ­
lin g s  a f t e r  anoxia were a lso  in v e s t ig a te d .
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7 .2  RESULTS
7 . 2 .2  Tolerance o f  anoxia
S eed lin gs o f  r i c e ,  c v s . FR13A and IR8, were grown and su bjected  
to  anoxia as described  in  S ec tio n s  2 . 2 . 2  and 2 .3  r e s p e c t iv e ly . A fter  
the anaerobic treatm ents the se e d lin g s  were p lanted  out in  sand fo r  one 
week and th e ir  mean r e la t iv e  growth r a te s ,  R, ca lc u la te d  fo llo w in g  the 
method in  S ection  2 .2 .3*  S eed lin gs o f  the subm ergence-tolerant r i c e ,  
cv. FRI3A, appeared h ea lth y  and p ossessed  green, tu rg id ,sh o o t system s 
a f te r  a l l  the anaerobic exposures,-w hereas seed lin g s  o f  the submergence- 
in to le r a n t  r i c e ,  cv.  1RS, were o f h ea lth y  appearance o n ly  a f te r  anaerobic 
exposures o f  12 h or l e s s  -  a f t e r  14 h anoxia or longer;, IR8 seed lin g s  
appeared to  have been damaged s in c e  th e ir  shoot system s were yellow  and 
d ried . F igure 7 .1  shows the e f f e c t  o f  d if fe r e n t  len g th s o f  time under 
anoxia on the subsequent Rs o f  the two v a r ie t ie s .  FRI3A seed lin g s  
m aintained a constant R during the one week in  sand fo llo w in g  a l l  the  
anaerobic exposures, bu t IR8 see d lin g s  ex h ib ited  a d ec lin e  in  R a f te r  
on ly  8 h anoxia . Thus although the IR8 seed lin g s  experiencing between  
8 and 12 h anoxia in c lu s iv e  appeared to  have been u n affected  by th e ir  
anaerobic treatm ents, th ese  exposures had s e r io u s ly  impaired th e ' subse­
quent growth o f  the se e d lin g s . I t  i s  in te r e s t in g  to  note th a t the 
e f f e c t  o f anoxia on the R o f IR8 se e d lin g s  was s im ila r  to  i t s  e f f e c t  
on the R o f  f lo o d - in to le r a n t  pea see d lin g s  (Figure 3*5)*
7 . 2 .2  Aerobic r e sp ir a t io n
The r a te  o f  oxygen uptake by ex c ise d , s t e r i l i s e d  r ic e  ro o t t ip s  
was measured as described  in  S ectio n  5 . 2 . 1 ,  except th a t in  th is  exper­
iment a recovery  period  o f  48 h was used. Figure 7*2 shows the r a te s  
o f  oxygen uptake by FR13A ro o t t ip s  im m ediately a f te r  the anaerobic 
exposures ( a ) , and a f te r  the whole se e d lin g  had experienced a recovery  
period  in  a ir  (b ) .  The r a te  o f  oxygen uptake im m ediately a f te r  removal
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from the anaerobic environment ranged between 46 and 105^ o f the co n tro l  
r a te , fo llo w in g  anaerobic exposures o f  up to  and in c lu d in g  22 h anoxia. 
A fter  the recovery  period  in  a ir  a l l  the se e d lin g s  recovered  and exhib­
i t e d  oxygen uptake r a te s  th a t were a t  l e a s t  37% o f  the co n tro l r a te ,  
su g g estin g  th a t damage to  the aerob ic r e sp ir a t io n  system  had not occurred  
during 22 h anoxia.
F igure 7-3 shows the r a te s  o f  oxygen uptake by IR8 ro o t t ip s  
im m ediately a f t e r  the anaerobic exposures (a ) -, and a f t e r  the whole seed ­
l in g  had experienced  a recovery p eriod  in  a ir  (b ) .  There was a gradual 
decrease in  the r a te  o f  oxygen uptake between 0 and 10 h anoxia but the  
reason  fo r  the sudden in c r e a se  in  r a te s  between 12 and.22 h anoxia i s  
not c le a r . However, a f te r  the recovery period  in  a ir , se e d lin g s  th a t had 
experienced  12 h anoxia or more did  not e x h ib it  any oxygen uptake, 
su ggestin g  th a t ir r e v e r s ib le  damage to  the aerob ic r e sp ir a t io n  system  
had occurred a f t e r  12 h anoxia. This r e s u l t  i s  s im ila r  to  those prev­
io u s ly  obtained fo r  pea and r ic e ,  cv . O eiras, s e e d lin g s  (F igures 4 .3  
and 4 .4  r e s p e c t iv e ly ) .
7 . 2 .3  Ethanol accum ulation
The eth an o l content o f  the so lu t io n  around the ro o ts  was d eter­
mined en zym atica lly  im m ediately a f t e r  whole se e d lin g s  had experienced  
between 2 to 22 h anoxia in c lu s iv e  (S ec tio n s  2 . 6 , 1  and 2 . 6 . 2 ) .  F igure 7 .4  
shows th a t eth an o l accumulated in  the so lu t io n s  around the ro o ts  o f  both  
r ic e  v a r ie t ie s  during anoxia , and th a t between 6 and I 6 h anoxia more 
eth an ol accumulated around the r o o ts  o f  the subm ergence-tolerant r i c e ,  
cv , FRI3A., than around the r o o ts  o f  the subm ergence-intolerant r i c e ,  cv.  
IR8. This does not n e c e s sa r ily  mean th a t FR13A. se e d lin g s  produced more 
eth an ol than IR8 se e d lin g s , s in c e  v a r ie ta l  d iffe r e n c e s  in  the r a te  o f  
eth an ol lo s s  (d if fu s io n )  from the r o o ts  may a f f e c t  i t s  ra te  o f accum­
u la tio n  both in te r n a lly  and e x te r n a lly .
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7 .3  DISCUSSION
Palada and Vergara (1972) reported  th a t more than 80^ o f  Peta  
r ic e  se e d lin g s  surv ived  6 days o f  - complete submergence, although a 
photograph o f  th ese  se e d lin g s  showed th a t they were approxim ately h a lf  
the s iz e  o f  the co n tr o l s e e d lin g s . S im ila r ly , although r ic e  v a r ie t ie s  
FR13A and IR8 had both been shown to e x h ib it  100^ su r v iv a l a f t e r  4  days 
o f  complete submergence, to le r a n t v a r ie t ie s  ( in c lu d in g  FR13A) were gen­
e r a l ly  t a l l e r  than su sc e p tib le  v a r ie t ie s  (in c lu d in g  I R 8 ) , both a f te r  
su b jec tio n  to  com plete submergence and a fte r  recovery (K arin ,1980).
Thus p ercent su r v iv a l does not g iv e  any in d ic a tio n  o f  the performance 
o f  the se e d lin g s  a f t e r  the p eriod  o f  submergence.
In  th ese  p resen t experim ents, young FR13A se e d lin g s  were found 
to  be more to le r a n t  o f  anoxia than IR8 seed lin g s  o f  s im ila r  age, w ith  
r e sp e c t  to' th e ir  recovery fo llo w in g  the anaerobic treatm ents. S eed lings  
o f  both v a r ie t ie s  p ossessed  green and tu rg id  lea v es  a f t e r  12 h anoxia, 
i . e .  they a l l  surv ived  th ese  anaerobic treatm ents, but th e ir  Rs were 
remarkably d if f e r e n t  (F igure 7 . 1 ) .  FR13A seed lin g s  m aintained a r e l ­
a t iv e ly  con stan t R during the one week in  sand fo llo w in g  anaerobic exp­
osures o f  up to  and in c lu d in g  22 h, whereas, IR8 see d lin g s  showed a 
d ec lin e  in  R during the same p eriod  fo llo w in g  anaerobic exposures o f  
more than 6 h, and a f t e r  12 h anoxia very l i t t l e  new growth occurred.
I f  the Rs in  Figure 7 .1  are compared w ith  the oxygen uptake 
r e s u lt s  fo r  the two v a r ie t ie s  a f te r  a recovery period  in  a ir  (F igures  
7.2b and 7*3b fo r  FR13A and IR8 se e d lin g s  r e s p e c t iv e ly ) ,  i t  can be seen  
th a t the continued  aerob ic r e sp ir a t io n  by FR13Â. seed lin g s  a f te r  a l l  the 
anaerobic exposures i s  accompanied by a r e la t iv e ly  con stan t R during one 
week in  sand, whereas the c e s s a t io n  o f  aerobic r e sp ir a t io n  by IR8 seed ­
l in g s  a f te r  12 h anoxia i s  accompanied by very l i t t l e  growth during one 
week in  sand a f t e r  th is  tim e. These r e s u lt s  su ggest th a t aerobic
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r e sp ir a t io n  i s  necessary  fo r  se e d lin g  recovery a f t e r  anoxia and are  
th erefore  s im ila r  to' the r e s u lt s  obtained  fo r  pea and r i c e ,  cv . O eiras, 
se e d lin g s  (S ec tio n  4 . 2 . 3 ) .  Under co n d itio n s o f  r o o t  anoxia on ly , as  
would occur when the ro o ts  are in  flood ed  s o i l s ,  the to leran ce and 
su rv iv a l o f  both FRI3A. and IR8 se e d lin g s  would be expected  to  be s im ila r  
because under th ese  con d itio n s r i c e  p la n ts  have the cap acity  to  tra n s­
p ort oxygen from the sh oots to  the r o o ts  (Barber e t  a l . , 1962; John e t  
a l . ,1974; V artapetian  e t  a l . , 1978). This a llow s aerob ic con d ition s to  
be maintained in  most, although not n e c e s sa r ily  a l l ,  reg ion s o f  the r o o ts .  
In  a d d it io n ,in te r n a l v e n t i la t io n  would a id  the ox id a tion  o f  any ethanol 
not removed from the ro o ts  by exudation or 'transp iration .
V artapetian  e t  a l .  (1978) found th a t when in t a c t  r ic e  p la n ts  were 
su b jected  to  anoxia , ro o t u ltra stru c tu re  remained unchanged fo r  3 days. 
However, when detached r o o ts  were su b jected  to  anoxia , mitochondria 
began to  degrade a f te r  1 day, but detached ro o ts  th a t were subjected  to  
anoxia in  0 .3%  g lu cose so lu t io n s  m aintained an undamaged u l-trastructure  
fo r  3 days. Thus they concluded th a t s u f f ic ie n t  s to r e s  o f  organic sub­
stan ces  in  the c e l l  are e s s e n t ia l  fo r  the maintenance o f  c e l l  u ltras'tru c-  
ture during anoxia . Indeed growth o f the r ic e  c o le o p t i le  during anoxia  
i s  thought to  be su sta in ed  by a supply o f organic compounds -translocated  
from the gra in  to the c o le o p t i le  during the anaerobic period  (Var-bapetian 
e t  a l . , 1978) .
I n  th ese  p resen t experim ents there was a marked d ifferen ce  be­
tween the to lera n ces  o f  FR13A and IR8 seed lin g s  to  anoxia . Palada and 
Vergara (1972) found th a t the amount o f s-fcarch in  Pe-ta r ic e  seed lin g s  
decreased w ith  submergence, presumably because p h otosyn th esis was reduced, 
and th a t p la n ts  w ith  more i n i t i a l  carbohydrate reserv es  were b e tte r  ab le  
to  survive periods o f  submergence than p la n ts  w ith lower i n i t i a l  r e se r v e s . 
Karin ( I 98O) found th a t subm ergence-tolerant r ic e  v a r ie t ie s  (in c lu d in g
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FR13A) had heav ier  grains than subm ergence-intolerant v a r ie t ie s  ( in c l ­
uding IR8) , su ggestin g  th a t subm ergence-tolerant v a r ie t ie s  p ossessed  
more organic re ser v es  than subm ergence-intolerant v a r ie t ie s .  Therefore 
i t  i s  p o ss ib le  th a t FR13A seed lin g s  were more to le r a n t o f  anoxia than 
IR8 se e d lin g s  because they p ossessed  larg er  q u a n tit ie s  o f  g ly c o ly t ic  
su b stra te , and thus were ab le  to  m aintain an adequate supply o f  ATP 
during the p eriod  o f  anoxia in v e s t ig a te d . However, the d ec lin e  in  R 
o f  IR8 se e d lin g s  between 6 and 12 h anoxia may have been caused by the  
accum ulation o f  ethanol w ith in  the t is s u e s ,  although ir r e v e r s ib le  damage 
to the aerob ic  r e sp ir a tio n  system could have been caused e ith e r  by the  
accum ulation o f  a to x ic  qu antity  o f  ethanol, or by a shortage o f  g ly ­
c o ly t ic  su b stra te , and hence ATP ( s e e  S ectio n  6 , 3 ) .  The ro o ts  o f  FRI3A 
se ed lin g s  may have been more permeable to  the d if fu s io n  o f  endogenous 
ethanol than the ro o ts  o f  IR8 se e d lin g s , or a lte r n a t iv e ly  FR13& seed lin g s  
may have had a higher to leran ce o f  endogenous ethanol than IR8 seed ­
l in g s  (s e e  S ec tio n  5 . 3 ) .
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F igure 7 .2  The e f f e c t  o f d if f e r e n t  len g th s o f time under anoxia  
on the oxygen uptake r a te s  o f  ex c ised , s t e r i l i s e d  
r ic e  ro o t t ip s ,  cv . FR13A. (25°C),
(a ) Immediately a f t e r  anoxia.
(h) A fter  a 48 h recovery  period  in  a ir .
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Figure 7*3 The e f f e c t  o f  d if fe r e n t  length s o f  time under anoxia  
on the oxygen uptake r a te s  o f  ex c ised , s t e r i l i s e d  
r ic e  ro o t t ip s ,  cv . IR8 (25°C).
(a) Immediately a f t e r  anoxia.
(b) A fter  a 48 h recovery period  in  a ir .
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DISCUSSION
Tolerance o f  anoxia
Flooding the s o i l  may ad versely  a f f e c t  the growth o f  a numher 
o f p la n ts , in c lu d in g  many crop s p e c ie s , which normally grow in  w e ll -  
drained s o i l s .  Although the responses o f  p lan ts to  s o i l  f lo o d in g  are  
w e ll documented (se e  review s by Bergman,1959P G rable,1966; Drew and 
Lynch,1980) ,  the a c tu a l causes o f  in ju ry  in  f lo o d - in to le r a n t  sp e c ie s  
are s t i l l  u n clear . Experiments in  anaerobic so lu tio n  c u ltu r e s , where 
the e f f e c t s  o f  p o te n t ia l  s o i l  to x in s have been excluded, have shown th a t  
the exc lu sio n  o f  oxygen from the ro o t environment o f  many f lo o d - in to le r a n t  
sp e c ie s  was s u f f i c ie n t  to  cause symptoms o f  flo o d in g  in ju ry  (L etey e t  a l . , 
1962? W illey , 1970? Drew and Sisworo, 1979» Trought and Drew, 1980a and b ) , 
p o ss ib ly  as a r e s u l t  o f  the impairment o f aerob ic r e s p ir a t io n  in  the  
r o o ts  (Lemon and Wiegand, I 962) . The experiments rep orted  in  th is  th e s is  
compare the responses o f  pea and r ic e  seed lin g s  to  a com pletely anaerobic  
environment in  deoxygenated s o lu t io n s , where in te r n a l v e n t ila t io n  i s  
prevented and s o i l  to x in s are excluded.
Experiments in  Chapters 4 and 7 showed th a t in  seed lin g s  o f  pea 
and th ree v a r ie t ie s  o f r i c e ,  the resumption o f  aerob ic r e sp ir a tio n  a f te r  
anoxia was e s s e n t ia l  fo r  se e d lin g  su r v iv a l. These r e s u l t s ,  o r ig in a lly  
presented  g ra p h ica lly  in  S ec tio n s  4 .3  and 7*3» are in  Table 8 .1  expressed  
as the mean v a lu es before and a f te r  the c u t -o f f ,  and they show th a t  
reduced r a te s  o f  oxygen uptake a f te r  the recovery period  were a s so c ia te d  
w ith reduced mean r e la t iv e  growth r a te s ,  R, fo llo w in g  the anaerobic  
treatm ent. Each sp e c ie s  or v a r ie ty  had a d if fe r e n t  to leran ce  l im it  
under anoxia , and when th is  l im it  was exceeded ir r e v e r s ib le  damage to
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the aerob ic r e sp ir a t io n  system  occurred, u lt im a te ly  r e s u lt in g  in  seed­
l in g  death. S im ilar r e s u lt s  were found fo r  T r it ic a le  sp . (O liv e ir a , 197?), 
Gucurbita pepo (Coulomb and Coulomb,1972b, c i te d  by O liv e ir a ,197?) arid 
Lycopersicum esculentum  (M o r isse t ,1978)
Ethanol t o x ic i t y
O liv e ir a  (1977) suggested  th a t the lo s s  o f  aerob ic a c t iv i t y  may ]
be connected w ith  the degradation o f  mitochondria during anoxia. The j
enzymes o f  aerob ic  r e sp ir a t io n , i . e .  those o f  the TCA cy c le  and ox id - 1
a t iv e  phosphorylation , are contained  in  membrane-bound m itochondria, i
whereas the enzymes o f  g ly c o ly s is  and those in vo lved  in  the conversion  
o f  pyruvate to  eth an o l are locate< | in  the cytoplasm . Ethanol i s  thought 
to have i t s  to x ic  e f f e c t  by a tta ck in g  and f  lu i  d is in g  c e l l  membranes 
(Kiyosawa,1975J Nandini-K ishore e t  a l . , 1979) and so i t s  production and /  
or accum ulation in  the cytoplasm  near mitochondria during anoxia may 
damage th ese  o rg a n e lle s  (Crawford,1977). Indeed Lenaz e t  a l .  (1971) 
found th a t phosphorylation in  b ee f heart m itochondria was 50^ in h ib ite d  
by 0 .77  mol 1  ^ e th a n o l. ■ A lte r n a t iv e ly , the degradation o f  m itochondria  
may occur during anoxia because o f  the in h ib it io n  o f  o x id a tiv e  phosphory­
la t io n , which normally provides the ATP e s s e n t ia l  fo r  the maintenance 
o f  m itochondrial in t e g r i ty  (Luzikov e t  a l . ,1973).
A l l  the see d lin g s  accumulated ethanol in  the so lu tio n s  around 
the ro o ts  during anoxia , but there was no co rr e la tio n  between the c[uan- 
t i t y  o f eth an ol produced per gramme dry w eight o f  r o o t t is s u e  and the 
d if fe r e n t  to leran ce  l im it s  o f  the se ed lin g s  to anoxia. U nfortunately  
i t  i s  not known to  what e x te n t ethanol a c tu a lly  accumulated w ith in  the  
r o o ts  o f  the d if fe r e n t  se e d lin g s  during anoxia, Ethanol i s  an uncharged 
m olecule and D avies (1958, c i te d  by D a v ie s ,I98O) argued th a t a s  a r e s u lt  
i t  should be r e a d ily  l o s t  from c e l l s ,  as are other uncharged, end-products 
o f  metabolism, e .g .  urea. However, although there are many rep orts  in
' .' ' ' ■ ■ ■ -' ■ . ' \ - " t- , ■,. .. •'
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the l i t e r a tu r e  th a t ethanol i s  l o s t  from p lan t t is s u e s  to  the surround­
in g  medium during anoxia (G rineva, 1962; A uhertin e t  a l .  ,1966; B olton  and , 
E rick so n ,1970j B ertani e t  a l . ,1980; Rumpho and Kennedy,I98I ) , there are  
a ls o  numerous re feren ces  concerning the accumulation o f ethanol w ith in  
p lan t t i s s u e s ,  in c lu d in g  r o o ts , during anoxia (F u lton  and E rickson, 1964;
Grineva, 1964; Leblova e t  a l . , 1969; Andrews, 1977; Crawford and B aines, j
11977; C hirkova,1978; Barclay and Crawford,I98I ) . 1
I f  eth an o l r e a d ily  d if fu s e s  out o f  ro o t c e l l s ,  then i t  i s  r e a s -  f
.4
enable to  assume th a t there w i l l  be a n et d iffu s io n  in to  ro o t c e l l s  i f  :
!
the r o o ts  are su bjected  to  ex tern a l ethanol concentrations h igher than 1
the ethanol concentrations w ith in  the t is s u e .  Thomas e t  a l .  (1978) su g- ;
gested  th a t the death o f Saccharomyces c e r e v is ia e  c e l l s  under aerob ic i
co n d ition s in  1 .0  mol 1  ^ (IM) eth an ol may have r e su lte d  from the denat- ;
uration  o f in tr a c e llu la r  enzymes fo llo w in g  the d if fu s io n  o f  eth an ol in to  |
the c e l l s .  R esu lts  in  S ectio n s 5*2 .4  and 5*2.5  showed th a t con cen trations ;
-1  ]o f  ethanol up to  0 .1  mol 1 were not to x ic  to  pea and r ic e ,  cv . O eiras, ;I
seed lin g s  s in ce  n e ith er  the subsequent growth o f  the seed lin g s  in  sand j
(F igures 5*6 and 5*7), nor the to leran ce  l im it  o f  pea seed lin g s  to  anoxia
(F igure 5*8), were ad versely  a f fe c te d  by th is  con cen tration . An ethanol • î
-1  iconcentration  o f  O.3 mol 1 caused the pea seed lin g  c u t -o f f  to  occur 2 h :
e a r l ie r  than the co n tro ls  (Figure 5 *80 and d) , and in  another experiment 
i t  s ig n if ic a n t ly  reduced the subsequent growth o f  seed lin g s  a f te r  a 24 h , '
exposure o f  the r o o ts  to  th is  concentration  in  a ir  (Table 5*1)' However, 
th is  concentration  o f  ethanol i s  much higher than the concentrations  
reported  to accumulate in  e ith e r  flood ed  s o i l s  (Wang and Ghuang,1967;
Jackson ,1979) ,  or in  the so lu tio n s  around the ro o ts  o f pea and r ic e  
seed lin g s  su b jected  to  anoxia (S ec tio n  5*3)* Nagodawithana and S te in -  
krauss. (1976) found th a t in  a ferm enting cu ltu re o f  Saccharomyces cerev - :
i s i a e  the in te r n a lly  produced ethanol was considerab ly  more to x ic  than ,
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th a t a p p lied  e x te r n a lly , and th erefore  i t  i s  p o ss ib le  th a t a  s im ila r  
s itu a t io n  e x i s t s  in  h igher p la n ts  in  an anaerobic environment.
G ly c o ly tic  su b stra te  supply
In  many p la n t t is s u e s  the consumption o f  g ly c o ly t ic  su b stra te  
in cr ea se s  during anoxia (se e  Turner,1951) but s in ce  the anaerobic break­
down o f  1 mole o f  g lucose produces on ly  2 moles o f  ATP compared w ith  
the 36 moles o f  ATP from the aerob ic breakdown (B e e v e r s ,I96I ) , there i s  
a red u ction  in  the r a te  o f  ATP "production during an oxia . Thus seed lin g  
death under anoxia may occur i f  the supply o f  ATP i s  in s u f f ic ie n t  fo r  
the maintenance o f  c e l lu la r  p rocesses during the anaerobic p eriod . The 
ATP supply during anoxia may be in s u f f ic ie n t  e ith e r  because the g ly c o l­
y t i c  su b stra te  becomes exhausted, or because the r a te  o f  ATP production  
cannot s a t i s f y  the demand.
V artapetian  e t  a l .  (197?) showed th a t exogenous glucose was bene­
f i c i a l  to ex c ise d  r ic e  and pumpkin ro o ts  during anoxia , and they concluded  
th a t carbon sta rv a tio n  may be the cause o f  damage to  ro o t c e l l  u ltr a ­
stru ctu re  during anoxia . In  th ese  p resen t experim ents, pea and r ic e  
se e d lin g  recovery a f t e r  anoxia was a s so c ia te d  w ith  the cap acity  fo r  
aerob ic  r e sp ir a t io n . Therefore in  th ese  se ed lin g s  damage to the m ito­
chondria, the s i t e s  o f  aerob ic r e sp ir a t io n , during the anaerobic period  
e ith e r  d id  not occur or was r e v e r s ib le .  ATP i s  e s s e n t ia l  for  the main­
tenance o f  m itochondrial in t e g r i ty  (Luzikov e t  a l . , 1973) and thus i t  
fo llo w s  th a t up to  the time o f  the c u t -o f f  there was s u f f ic ie n t  ATP 
a v a ila b le  fo r  t h is  during anoxia . The c u t -o f f  by pea seed lin g s  was 
thought to  have been caused by a shortage o f  g ly c o ly t ic  su bstrate (s e e  
S ection  6 .3 ) ,  which through i t s  e f f e c t  on the ATP supply, u ltim a te ly  
r e s u lte d  in  the degradation o f  m itochondria, hence the lo s s  o f  oxygen 
uptake a b i l i t y  on retu rn  to aerob ic co n d itio n s . A shortage o f  su b stra te  
fo r  g ly c o ly s is  may have occurred as a r e s u lt  o f  an in crease  in  g ly c o ly t ic
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r a te , which coupled w ith  the in h ib it io n  o f  tra n s lo ca tio n  during anoxia , 
would ra p id ly  d ep le te  c e l l  r e ser v es  (se e  V artapetian e t  a l . , 1978).
Two percent g lu cose  may have delayed the on set o f  damage in  pea 
seed lin g s  because i t  provided su b stra te  fo r  g ly c o ly s is  and thereby pro­
longed both the production o f  ATP and the in te g r ity  o f  m itochondria. 
However, 2% g lu cose  merely delayed and did not prevent the onset o f  
damage, although the q u an tity  o f  exogenous g lu cose  was probably not  
l im it in g  (se e  S ec tio n  6 .3 ) .  Under th ese  con d ition s the c u t -o f f ,  which 
occurred a f te r  9 h anoxia in  th is  experiment, could have been caused  
e ith e r  because a to x ic  q u an tity  o f  ethanol had accumulated, or because 
the maximum ra te  o f  ATP production during anoxia was in s u f f ic ie n t  to  
m aintain m itochondrial in t e g r i ty  fo r  more than 9 b. S ince in  each case  
the r e s u lt  would be ir r e v e r s ib le  damage to m itochondria, w ith  the im pair­
ment o f  aerob ic r e sp ir a t io n  and growth on return  to  a i r , the a c tu a l  
cause o f  seed lin g  death in  the presence o f  2% g lu cose i s  extrem ely  
d i f f i c u l t  to  determ ine.
In  germ inating seed s , where g ly c o ly t ic  su b stra te  may be con sid ­
ered n o n -lim itin g  because o f  the carbohydrate re ser v es  in  the seed , the  
accum ulation o f  to x ic  q u a n tit ie s  o f  ethanol ra th er than a shortage o f  
g ly c o ly t ic  su b stra te  may be the cause o f  seed  d e ter io ra tio n  or seed lin g  
death under anoxia . Barclay and Crawford ( I 98I) found th a t the su rv iv a l 
o f 3 day o ld  pea se e d lin g s  a t  d if fe r e n t  temperatures under anoxia was 
always a sso c ia te d  w ith  an in te r n a l ethanol concentration  o f  l e s s  than 
60 n»:mol 1 , and Woodstock and Taylorson ( I 98I)  found th a t d e ter io ra tio n
o f  soybean seeds during a cce lera te d  aging was accompanied by in creased  
le v e ls  o f  acetaldehyde and eth an o l in  imbibing seed s. Therefore, ethanol 
accum ulation may be the more l ik e ly  cause o f  the c u t -o f f  by whole pea 
seed lin g s  in  2^ g lu cose  s o lu t io n s .
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Delayed growth r e sp o n se s .to  anaerobic damage
I t  i s  in te r e s t in g  to  note th a t although some o f  the pea and 
r i c e ,  cv. IR8, s e e d lin g s  recovered  from th e ir  anaerobic treatm en ts, i . e .  
they did not show immediate s ig n s  o f  damage a f te r  removal from the 
anaerobic environment, th e ir  subsequent growth in  sand had been s e r io u s ly  
im paired (F igures 3*5 and 7 .1  fo r  pea and r ic e  cv . IR8 r e s p e c t iv e ly ) .
In  co n tra st to  t h i s ,  see d lin g s  o f  r ic e  c v s . O eiras and FR13A maintained  
a r e la t iv e ly  stead y  R a f te r  14 h and a t  l e a s t  22 h anoxia r e s p e c t iv e ly  . 
(F igures 3*5 and 7*1 fo r  c v s . O eiras and FR13& r e s p e c t iv e ly ) .  U nfort­
u n ately  the e f f e c t  o f exogenous g lu cose on the su r v iv a l o f  whole r ic e  
seed lin g s  during anoxia was not in v e s t ig a te d , but n ev er th e le ss  the cu t­
o f f  by r ic e  c v s . O eiras and IR8 may a lso  have been caused by a shortage 
o f  g ly c o ly t ic  su b stra te . I t  i s  suggested  th a t r i c e ,  cv . FR13A, seed lin g s  
had s u f f i c ie n t  carbohydrate reserv es  to  m aintain a r a te  o f  g ly c o ly s is  
th a t s a t i s f i e d  the A'p' requirment o f  the seed lin g s  fo r  a t  le a s t  22 h 
anoxia, whereas r i c e ,  cv s . O eiras and IR8, se ed lin g s  may have exhausted  
th e ir  organic re se r v e s  a f te r  12 and 10 h anoxia r e s p e c t iv e ly , hence the 
lo s s  o f  aerob ic a c t iv i t y  in  the ex c ise d  r o o ts  (F igu res 4 .4 b  and 7*3b fo r  
CVS. O eiras and IR8 r e s p e c t iv e ly ) .  However, although the to lerance  
l im it s  o f th ese  two r ic e  v a r ie t ie s  under anoxia were s im ila r , th e ir  
subsequent Rs a f t e r  the c u t -o f f  were remarkably d if fe r e n t  (F igures 4 .5  
and 7*1 fo r  cv s . O eiras and IR8 r e s p e c t iv e ly ) .
V artapetian  e t  a l .  (1978) found th a t r ic e  r o o t  c e l l s  were l e s s  
to le r a n t o f  anoxia than c o le o p t i le  c e l l s ,  which u n lik e  the ro o t c e l l s  
rece iv ed  g ly c o ly t ic  su b stra te  tran slo ca ted  from the gra in , and so were 
ab le to  m aintain an undamaged u ltr a s  true tur e during longer periods o f  
anoxia . Therefore in  th ese  p resen t experiments the oxygen uptake a b i l i t y  
o f the ro o t t ip s  may not have r e f le c te d  the co n d itio n  o f  the c o le o p t i le  
c e l l s .  Thus i t  i s  p o ss ib le  th a t the continued growth o f  r ic e  cv . O eiras
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se e d lin g s  a f te r  14 h anoxia was s o le ly  a r e s u lt  o f  shoot growth (se e  
S ectio n  3*3)* However, in  r i c e  cv . IR8 seed lin g s  shoot growth may have 
been prevented because g ly c o ly t ic  su b stra te  in  the grain  had been exhausted.
I t  i s  in te r e s t in g  to  note th a t the seeds o f  r ic e  cv . FR13A  ^ the submergence- 
to le r a n t  v a r ie ty , were h eavier than the seeds o f  r ic e  cv . IR8, the ;
subm ergence-intolerant v a r ie ty  (Karin, I 98O), su ggestin g  th a t FR13A seeds  
contained  more r e ser v es  than IR8 s e e d s .
Ethanol removal
Between 0 and 12 h anoxia the R o f  r ic e  cv . IR8 se ed lin g s  was 
s im ila r  to th a t o f  pea s e e d lin g s , s in ce  in  both ca ses  the growth ra te  
d ec lin ed  up to  the time o f  the c u t -o f f ,  although the seed lin g s  appeared 
undamaged and m aintained the cap a c ity  fo r  aerobic r e sp ir a t io n  in  the roo t  
t ip s .  B ertani e t  a l .  ( I 98O) a ttr ib u te d  the su rv iv a l o f  r ic e  seed lin g s  
during anoxia not only to  th e ir  a b i l i t y  to  develop a vigorous ferm entation  
system , but a ls o  to  t h e ir  a b i l i t y  to  remove most o f  the ethanol ( 9 ^  in  
th e ir  experim ents) from the t i s s u e s .  I t  i s  p o ss ib le  th a t in  pea and 
r i c e ,  cv. IR8, s e e d lin g s  the accum ulation o f  ethanol w ith in  the t is s u e s  
during anoxia caused in cr ea sin g  damage to  c e l lu la r  a c t i v i t i e s ,  e .g .  enzyme 
system s (Thomas e t  a l . , 1978), so th a t on return  to  aerob ic con d itio n s the  
o r ig in a l r a te s  o f  c e l lu la r  a c t i v i t i e s  and growth cou ld  not be a tta in e d  
fo r  some tim e. Such a s itu a t io n  may not have a r isen  in  r ic e  s e e d lin g s ,
CVS. O eiras and FR13A, because ethanol was e f f i c i e n t ly  removed from the 
t is s u e s  by d if fu s io n  and tra n sp ira tio n  during anoxia , hence the steady  
Rs o f  O eiras and FR13A se e d lin g s  a f t e r  14 and 22 h anoxia r e s p e c t iv e ly .
S ince Ingram (1976) found th a t E sch erich ia  c o l i  K-12 c e l l s  changed th e ir  
f a t t y  a c id  com position in  the presence o f  .a lc o h o l, and Thomas e t  a l .  ( 1978)
found th a t the to lera n ce  o f  Saccharomyces c e r e v is ia e  to  exogenous ethanol
i
was r e la te d  to  the l ip id  com position o f  the plasma-membrane, i t  i s  p o ss- J
ib le  th a t the plasma-membrane com position o f  pea and r ic e  ro o t c e l l s
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d if fe r e d  w ith  re sp e c t to  the p erm eab ility  o f  ethanol.
Ethanol accumulated in  the so lu t io n s  around the ro o ts  o f  pea and 
r ic e  seed lin g s  during anoxia , but the q u a n tit ie s  o f  ethanol exuded by 
the d if fe r e n t  sp e c ie s  or v a r ie t ie s  are m eaningless u n less  i t  i s  known 
what proportion o f  the t o t a l  ethanol production i s  represented  in  each  
c a s e . Evidence fo r  the accum ulation o f  a to x ic  substance w ith in  pea seed ­
lin g s  during anoxia comes from the tra n sp ira tio n  experim ents (S ec tio n  5*2.3)•  
S eed lin gs th a t were prevented from tra n sp ir in g  during the anaerobic t r e a t ­
ment ex h ib ite d  symptoms o f damage 2 h e a r l ie r  than the tran sp ir in g  co n tro l 
s e e d lin g s , presumably because the accum ulation o f  the tox in  had been 
a c c e le r a te d . The c u t -o f f  by pea se e d lin g s  in  Zfo g lu cose so lu tio n s  may 
have been caused because eth an o l reached a concentration  high enough to  
damage m itochondria, although the p o s s ib i l i t y  th a t the r a te  o f  ATP supply  
during anoxia was in s u f f ic ie n t  to  m aintain m itochondrial in te g r ity  cannot 
be d ism issed .
C onclusions
Under natural co n d itio n s , p la n ts  are seldom exposed to  a com pletely  
anaerobic environment, although the r o o ts  o f  some sp e c ie s  may experience  
a p eriod  o f  oxygen d e f ic ie n c y  when flo o d ed . Many p la n ts , in c lu d in g  a 
number o f  f lo o d - in to le r a n t  s p e c ie s ,  have some cap a c ity  fo r  in te r n a l  
v e n t ila t io n  (Armstrong,1978) and so in  order to  t o t a l ly  exclude oxygen 
from the ro o t environment i t  i s  necessary  to  exclude oxygen from around 
both the ro o ts  and the sh o o ts . In  some sp ecie^  flo o d in g  the ro o ts  may 
r e s u l t  in  the death o f  the e n t ir e  ro o t system , but not n e c e s sa r ily  the 
p la n t, s in ce  new a d v en titio u s  ro o ts  o ften  grow to  rep lace  the o r ig in a l  
ro o t system s (Kramer,1951 ). Such new growth would depend on the presence  
o f  oxygen and on a supply o f  photosynthate and other substances which 
had been sy n th es ised  in  the sh o o ts . However, when the whole p la n t i s  
su bjected  to  anoxia , the a d d it io n a l e f f e c t  o f oxygen d e fic ie n c y  on the
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shoot system  may fu rth er reduce the p r o b a b ility  o f  seed lin g  recovery  
from the anaerobic treatm ent. In  th ese  p resen t experim ents seed lin g s  
■ were su b jected  to  anoxia in  the dark and th erefore  both aerob ic resp ­
ir a t io n  and p h otosyn th esis were prevented during the period  o f  anoxia. 
However, although there are many d iffe r e n c e s  between the con d ition s in  
the p resen t experim ents and those in  the f i e l d ,  the cause o f  ro o t death  
may be the same in  both c a ses .
From the r e s u lt s  presen ted  in  th is  th e s is  and elsew here, i t  i s  
concluded th a t se e d lin g  death during anoxia a r is e s  from a shortage o f  
g ly c o ly t ic  su b stra te , which lead s to  a c e s sa tio n  o f  ATP production and 
a lo s s  o f  c e l lu la r  in te g r ity .  E thanol may accumulate in  the ro o ts  o f  
some s p e c ie s  and although i t  may not k i l l  the p la n t, i t  may reduce i t s  
r a te  o f  recovery  a f te r  the p eriod  o f  anoxia .
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